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PL – photoluminescence
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PLEff(E) – photoluminescence efficiency at a given excitation energy, calculated using Eq. 3.1 in
Chapter 3.
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pr – the probe laser pulse used to excite charge carriers in transient absorption measurements.
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QP – quantum platelet
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QW – quantum wire
QWell – quantum well
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Sampleexc –the excitation spectrum of the sample collected for photoluminescence quantum yield
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quantum yield measurements.
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ABSTRACT OF THE DISSERTATION
Spectroscopic Investigations of Excited Charge Carriers
in II-VI Nanoparticles
by
William M. Sanderson
Doctor of Philosophy in Chemistry
Washington University in St. Louis, 2019
Professor Richard A. Loomis, Chair

The large absorption cross sections and the tunability of the energetic spacings between
the states in the conduction (CB) and valence band (VB) within a semiconductor nanoparticle
(NP) make them promising media for capturing electromagnetic radiation and converting it into
charge carriers, or electricity. In photovoltaic devices that incorporate semiconductor NPs, it
would be ideal if every photon could be absorbed by a NP and the carriers could be collected
with perfect efficiency and without loss of energy. The relaxation pathways of the carriers within
the NPs down to the band edge and their fate at the band edge contribute significantly to this
ideal goal. For samples of NPs that are not in a device, but are suspended in solution, the carriers
(electrons and holes) would relax to states near the band edge of the CB and VB, and if there are
no competing pathways, they would recombine radiatively, and give off light or emission. The
specific relaxation mechanisms and their efficiencies depend on many factors including chemical
composition, local environment, and the dimensionality of the NP. In this dissertation, I describe
the results obtained from a barrage of optical spectroscopy experiments aimed at characterizing
the energetics and the relaxation dynamics of photogenerated charge carriers in semiconductor
NP samples. Particular focus was placed on samples of one-dimensional (1D) cadmium telluride
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(CdTe) quantum wires (QWs) as they offer the tunability of their energetics through adjustment
of their diameters as well as the length dimensions for efficient charge transport over
macroscopic distances. Furthermore, through collaborations with the research group of William
E. Buhro, we can also make high quality samples of CdTe QW that enable their quantummechanical properties and resultant dynamics to be carefully characterized.
In order to probe the role of the densities of the quantum-mechanical states on the
relaxation of electrons and holes down to those at the band edge, the dependencies of the
efficiency for radiative recombination on the excess energy with which the carriers are prepared
was investigated on numerous samples of NPs with varying dimensionality. These samples
included cadmium selenide (CdSe) quantum dots (QDs), CdSe quantum platelets (QPs), CdTe
QWs, and surface-passivated CdTe QWs. We identified two common trends of the efficiency on
excitation energy without distinct differences associated with the dimensionality of the NPs.
(1) The overall efficiency of radiative recombination decreases with increasing excitation energy.
(2) There are often local minima in the efficiencies when exciting at energies between the
spectral features present in the absorption spectra. We were able to conclude that it is not just
how high above the band gaps the electrons and holes are prepared, but that at specific energies
used to excite these charge carriers, competing, non-radiative relaxation pathways are opened.
The relaxation dynamics of the electrons and holes were further investigated in CdTe
QWs using time-resolved transient absorption (TA) spectroscopy. In order to untangle the
complicated TA signals, we developed a model, termed quantum-state renormalization (QSR),
that accounts for the shifting of the quantum-confinement states that occurs due to the change in
electron density caused by photoexcitation. The QSR model enabled us to directly probe the
population of the electrons and holes through the different states, as well as track their changing
energies with time. Several noteworthy results were obtained. The photogenerated holes relax to
the band edge on very fast, instrument-limited timescales, and the electrons relax more slowly
with a rate of ~0.6 eV ps–1. The prominent relaxation mechanism was concluded to be a phononxxiv

coupling mechanism, where the carriers relax by converting the kinetic energy associated with
quantum confinement to vibrational or phonon modes of the CdTe QW. Lastly, the emission
lifetimes of the CdTe QWs were measured as a function of the emission efficiency, or
photoluminescence (PL) quantum yield (PL). The lifetimes for CdTe QW samples with

PL > 4% were nearly an order of magnitude greater than the radiative lifetime of CdTe QDs,
 200 ns versus ~25 ns. We propose these long lifetimes are a consequence of the conservation
of momentum that must be maintained during radiative recombination. The photogenerated
electron-hole pairs relax to the lowest quantum confinement states, and in these high-quality
QWS, the pairs remain bound as 1D excitons. These 1D excitons have a thermal distribution of
translational kinetic energy along the long, unconfined dimension of the QWs, and thus they
contain significant momentum. This momentum cannot be conserved during radiative
recombination, and this channel is closed. Only when the 1D excitons become localized can they
emit. These results suggest that long charge carrier lifetimes coupled with the dimensionality of
these high-quality semiconductor QWs offer distinct advantages for use in photovoltaics.
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Chapter 1:
Introduction
1.1 Motivations
The optical spectroscopy experiments presented in this dissertation characterize II-VI
semiconductor nanomaterials based on two principal phenomena: the absorption and emission of
electromagnetic radiation. Semiconductors are attractive for incorporation into devices that
utilize the collection of electromagnetic radiation or light as an effective means of energy capture
and transfer because of their intrinsically large absorption coefficients. Furthermore, the
development of nanoscale semiconductors exhibiting high-photon emission efficiencies has
increased the range of semiconductor applications. Advancements in semiconductor technologies
have impacted and will continue to play important roles in the energy and technology sectors.
Solar cells utilizing bulk semiconductors as a broadband solar energy absorbers have
achieved remarkable efficiencies with commercially available devices ranging from 18–22%.1 In
2018, solar energy technology represented ~20% of the total energy-generation capacity from
renewable sources.2 Cost-reduction strategies for current solar technologies involve competitive
market procurement, selective regional development, and advantageous device construction.3
These cost-reduction strategies should make the global generation of solar energy costcomparable to oil and natural gas in the near future.3 Currently, silicon-based solar cells are the
most widely-adopted photovoltaic devices to incorporate semiconductors.4 Recent research,
however, has indicated that alternative semiconductor materials out-compete silicon in numerous
aspects. For example, incorporation of cadmium telluride (CdTe) thin films into solar cell
devices have been shown to generate an output efficiency similar to silicon, 21%5, 6 while also
reducing material costs.6 These results are promising for the future development of II-VI
semiconductors devices.
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The applications of II-VI semiconducting materials are not solely-limited to renewable
energy. With the discovery of nanoscale semiconductor nanoparticles (NP) such as quantum dots
(QDs), extensive research efforts have produced an entire field of NP research. The
improvements of NP synthetic protocols and the discovery of advantageous modifications to
their surfaces have led to the production of high-quality QDs capable of emitting photons with
reported photoluminescence quantum yields (PL) exceedingly 50%.7, 8 Additionally, the
inherent quantum-confinement effects, discussed in this chapter, allow for energetic tunability of
the emitted photons. These emission characteristics have led to the development of light emitting
diodes (LEDs),9 application as the principal component in the current generation of quantum
LED displays (QLED) and as a potential material for achieving the next generation of flexible
displays.10
Advancing forward, solar cells utilizing bulk semiconductors are limited by a theoretical
power conversion efficiency, ~32%, known as the Shockley-Queisser limit.11 Incorporation of
nanoscale semiconductors is attractive for overcoming this limitation through manipulation of
material properties and novel device design.12-15 The most efficient solar cells utilizing
semiconductor NPs, however, have been unable to replicate the efficiencies of bulk and thin film
semiconductors, with benchmark efficiencies of ~12%.16, 17
Extensive efforts to understand the dynamics and detrimental loss pathways of
photogenerated carriers continue to be a focus of intense research. Understanding and
quantifying carrier losses can have a dramatic impact on other devices that incorporate
nanomaterials, since improvements in extending carrier lifetimes and radiative emission
efficiencies are linked with increased device performance. Furthermore, characterization and
understanding the pathways that cause carrier losses in nanomaterials of differing geometries
could lead to future improvements and development of new semiconductor technologies. Probing
the charge carrier relaxation dynamics and the investigation of dimensionality effects associated
with II-VI NPs are primary foci of this dissertation.
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1.2 Semiconductor bands
Excitation of charge carriers via photon absorption is a practical way to impart energy
into an atomic, molecular, or semiconductor system. In general, the absorption of a photon
within a semiconductor is similar to electron excitation within atoms and molecules. As the
number of atoms added to the system increases, complexities arise due to atomic orbital mixing
and in some cases conjugation of the atomic orbitals. Prior to a photon absorption event,
electrons populate a thermally-equilibrated ground state. For these systems, an absorption event
occurs when a photon, with energy resonant to the difference between the ground state and the
energy of an excited state of the electron, is absorbed.
Ground and excited electronic states for a single atom are described by orbital
wavefunctions (Ψ), which are solutions to the Schrodinger equation.18 The lowest-energy state,
depicted by the spatial probability density distribution of the electron, Ψ2, is termed a 1s orbital.
In a single-electron atom system, such as hydrogen, the electronic orbital energies only depend
on the principal quantum number, n. Therefore, the atomic orbitals with n ˃ 1 with different
angular momentum quantum number, ℓ, values within a subshell comprise energetically
degenerate levels. In multi-electron atoms, some of this energetic degeneracy is lifted as a result
of electron-electron repulsions which are not present in single-electron systems. The orbital
states with the same n value but different ℓ values are no longer degenerate, as depicted in
Figure 1-1(A) for the helium atom. There is, however, still a 2ℓ+1 degeneracy within these
energy levels.
Increasing the number of atoms from the atomic to a molecular scale yields molecular
wavefunctions described by molecular orbital theory. This theory invokes the mixing of atomic
orbitals through the sharing of electron orbitals of the individual atoms. Figure 1-1(B) depicts
the molecular orbital (MO) diagram for a generic molecule, AB. The individual orbitals of each
A and B atom form the bonding molecular orbital, , and the anti-bonding molecular orbital, *.
Importantly, the mixing of the two atomic orbitals yields two molecular orbitals of differing
3

Figure 1-1. Schematic representation of energy diagrams. (A) energy levels and orbital representations for a helium atom.
(B) Molecular orbitals for a generic molecule AB formed using molecular orbital theory and mixing of the orbitals of the A
and B atoms. (C) Schematic representation of conduction and valence band formation for a generic semiconductor AB.

energies that electrons can be excited from or into. In the simple example for the AB molecule,
the ground state is termed the highest occupied molecular orbital (HOMO, ), and the higherenergy state that is not occupied when the molecule is in its ground state, and is termed the
lowest unoccupied molecular orbital (LUMO, *). Valence electrons, the highest-energy groundstate electrons in each atom, occupy the HOMO. In complex molecules, conjugated systems may
form through the mixing of p and d orbitals of atoms. In these conjugated systems, electron
density can be shared across small regions or even the entire spatial dimensions of the molecule.
The mixing of atomic orbitals within molecules can therefore give rise to charge delocalization.
The ground and excited states for semiconductors are analogous to the HOMO and
LUMO of molecules. For semiconductors, the periodic arrangement of atoms within the crystal
lattice forms a linear combination of atomic orbitals described by band theory. In order to satisfy
the Pauli exclusion principle, in which no two states can have the same quantum numbers and
energies, the energies of the atomic orbitals vary, slightly, breaking the energetic degeneracy.
These small energetic-differences affect the relative energies of the HOMO and LUMO states
and as more atoms are added to the system, energetic bands are formed. By convention, the
HOMO and LUMO of a semiconductor are described as valence (VB) and conduction (CB)
4

bands. The formation of these bands are schematically depicted in Figure 1-1(C) for the generic
semiconductor AB that is comprised of atoms A and B.
The applications for semiconductors are often determined by the band gap energy (Eg) of
the material. When the energy of a photon, Eph, exceeds Eg, Eph ≥ Eg, absorption of the
electromagnetic radiation imparts energy into the system. Specifically, an electron within the VB
is promoted into an excited state of the CB. The absence of the electron within the VB results in
an electron-deficient region or a hole that behaves similar to a positive charge within the band.
The energetic differences between VB and CB states are fundamental to the absorption
properties of semiconductors. Furthermore, the spatial arrangement of orbitals within the
semiconductor allows for delocalization of the carriers that can span distances much larger than
individual atoms and molecules. The size, dimensionality, and quality of the material dictate the
charge carrier transport properties, while the pathways in which electrons and holes dissipate
excess energy dictate any emissive properties.
When considering the movement of charge carriers within the periodic lattice of a crystal,
one must take into account the momentum that arises from the periodic potential and the
direction of charge carrier movement. This type of relationship between energy and the wave
vector, k, is common for describing the band structure of semiconductors. Rather than
constructing a band picture based on physical (spatial) dimensions, the energies of the bands are
plotted from the reciprocal lattice points obtained via Fourier transformation of the crystal lattice.
This convention benefits from the fact that a crystalline lattice is a repeating arrangement of
atoms that can be reduced to a single unit cell. Brillouin zones (, , ...), spatially related to
crystallographic direction, are defined by arrangements of atomic orbitals having high symmetry.
Schematic representations for direct and indirect band gap semiconductors are plotted in
Figure 1-2.
The direction of charge carrier movement plays an important role because the potential
felt by the charge carriers changes depending on the pathway that the carriers propagate. For this
5

Figure 1-2. Band alignment for indirect and direct bandgap semiconductors. (A) Conduction (CB) and valence band (VB)
schematic for an indirect semiconductor plotted in k-space. The VB maxima and CB minima occur at different Brillion
points. (B) Schematic representation of VB and CB alignment for a direct band gap semiconductor. The VB maxima and CB
minima occur at the same Brillion point, . The band gap energy, Eg, for both types of semiconductor are denoted.

reason, the momentum of the charge carrier depends on direction. The band diagrams in Figure
1-2 depict changes in the energies of the CB and VB as a function of potential and k; where, k, is
related to the momentum, p, by, p = ħk, ħ = h/2π, and h = 6.626 × 10–34 J s. The effective masses
of the electron (me*) and hole (mh*), can be estimated from the slope of the wave vector and are
dependent on the electronic and chemical potential in which these carriers reside. For example, at
the band edge of CdTe, me* = 0.11m0, where m0 is the mass of the electron.19 Furthermore, the
Bohr radius (ar, mean radius) of the electron and hole wavefunctions, as well as the photon
energy required to promote charge carriers into the excited state, are also material dependent.
The two types of semiconductors, direct and indirect band gap, are designated based on
the type of excitation necessary to promote electrons from the VB into the CB. An important
implication of energy transfer is that the conservation of energy, and the conservation of
momentum must be maintained. The wave vector for light is negligible (k~0), therefore,
absorptive events in a semiconductor are termed vertical, with the electron and hole having the
same k value. For indirect semiconductors, Figure 1-2(A), the energy of the CB minima (at the 
point) and energetic maxima of the VB (at the  point) are not at the same wave vector in
k-space. Since the minima and maxima of the bands do not yield a difference in momentum of
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k ~0, phonons, or crystallographic vibrations, must couple with the optical excitation in order to
excite non-vertically. This required coupling of phonons to the excitation weakens the absorption
strength of the material.
Alternatively, direct band gap semiconductors have CB minima and VB maxima at the
same point in k-space. A schematic representation of a direct band gap semiconductor is plotted
in Figure 1-2(B) with the band gap centered at the  point. This alignment of the CB and VB
removes the requirement for phonon-assisted excitation and results in stronger optical transitions.
For this reason, the Eg of direct band gap semiconductors can be measured using optical
spectroscopy. The strong absorptive properties also offer potential benefits in comparison to
silicon-based solar cells, as mentioned in Section 1.1. The semiconductors investigated in this
dissertation are direct-gap CdTe and cadmium selenide (CdSe) samples of varying geometries.

1.3 Conduction and valence band states
Semiconductor bands are formed from the atomic orbitals of the atoms that comprise the
material. In CdSe, a II-VI semiconductor, the VB is characteristic of the 4p atomic orbitals of the
Se atoms, while the CB is characteristic of the 5s and 5p atomic orbitals of Cd.20 Since the
energies and types of atomic orbitals vary based on the specific atoms that constitute the
semiconductor material, a large array of various band structures exist.21 The potential produced
via the crystallographic arrangement of the atoms determines the energies of these band within a
given Brillion zone. Additionally, dramatic energetic changes in the band energies can be
observed when crossing Brillion zones, i.e., changing the direction charge carriers move through
the material. Therefore, variations in the crystallographic phase of the semiconductor also
produce energetic differences of the CB or VB.
In CdSe and CdTe semiconductors, two types of crystallographic phase exist, zinc-blende
(ZB) and wurtzite (W), which have differing band structures, Figure 1-3. The cubic arrangement
of atoms in the ZB crystal phase yields two degenerate-energy valence bands at the -point
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Figure 1-3. Schematic representation of zinc-blende and wurtzite band structure. (A) conduction and valence bands for
semiconductors with zinc-blende (ZB) crystal structure. Heavy hole (hh), light hole (lh), and split-off hole (so) bands are
assigned within the valence band. (B) the conduction and valence bands for semiconductors with wurtzite (W) crystal
structure with analogous A, B, and C valence bands. The angular (J) and magnetic (Jz) quantum numbers for each of the
valence bands are listed.

(k = 0) with a higher-energy split-off band formed from spin-orbit interactions and avoided
curve-crossing.22 The degenerate bands are differentiated by the effective masses of the hole and
the total-angular momentum (J) and magnetic (Jz) quantum numbers for each band. Within the
six-band model, the degenerate light-hole (lh, |Jz| = 1⁄2 and heavy-hole (hh, |Jz| = 3⁄2) bands both
have J = 3⁄2, and the split-off hole (so, |Jz| = 1⁄2) has J = 1⁄2.22
The arrangement of atoms within the W crystal phase produces VB energies that are
different than those of ZB. For hexagonal, W crystals, crystal-field splitting lifts the degeneracy
of the two lowest-energy valence bands at the -point. The nomenclature for the hole band
assignments of W crystals also varies from ZB (lh and hh bands) designated as A and B, while
the so band is referred to as C.23 This assignment of quantum numbers and differences in crystal
structure play an important role when designating the excited charge carrier states of
semiconductor NPs, discussed in Section 1.5.1.
When the size of a semiconductor is reduced to the order of nanometers, the energetic
distribution of the excited states within a band are modified. The effects from reduced particlesize are observed when comparing the density of states (DOS) of bulk, three-dimensional (3D),
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two-dimensional (2D), one-dimensional (1D), and zero-dimensional (0D) semiconductors. These
dimensional annotations arise from the number of translational degrees of freedom, or directions,
that charge carriers can propagate within each of these systems.
A schematic representation of the DOS for each type of NP geometry is provided in
Figure 1-4. For bulk semiconductors, the DOS forms a continuum above the edge of the VB and
1

CB with an distribution of states that in terms of energy (E) is proportional to 𝐸 2 , Figure 1-4(A).
The macroscopic scale of bulk semiconductors also produces continua that allow for translational
motion of the charge carriers in all three dimensions. As the size of the semiconductor is reduced
from macroscopic size to the nanometer scale, the particle size is on the order of Bohr radius and
quantum confinement effects occur. These quantum-confinement effects are discussed in detail
in Section 1.4.
Depending on the geometry and spatial dimensions of the NP, the reduced size of the NP
localizes the charge carriers from free waves to being localized in one or more dimensions. In
terms of k-space, this localization of carriers modifies the DOS. Alivisatos has previously
described the modification of the DOS by the differences between free and localized carriers.24
For free carriers, the momentum and energy can be accurately known, however the position
cannot.24 When localization of the carriers occurs due to size constraints of the semiconductor,
the position and energy are accurately known but the momentum is not; this uncertainty in
momentum produces a “superposition of bulk momentum states” with discrete energies.24
For the 2D nanostructure of quantum wells (QWell), one of the three dimensions is
reduced in size, limiting the free motion of the charge carriers to 2D. A schematic energy-level
diagram and the corresponding DOS are plotted for QWells in Figure 1-4(B). Within the thin
dimension, the wavefunctions of the states are discrete valued, while in two dimensions there are
continua associated with translational motion. The translational motion in 2D gives rise to a
constant DOS. Thus, the total DOS is step-like with an increase occurring for each additional
discrete wavefunction in the thin dimension with increasing energy.
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Figure 1-4. Density of states for semiconductors of various geometries. Schematic representations of the energy level diagrams
and corresponding density of states plotted for (A) bulk, (B) quantum wells, (C) quantum wires, and (D) quantum dots.

As another dimension of a 2D QWell is decreased in size, motion is confined in 2D and
translational motion of the carriers can only occur within a single dimension producing a 1D
1

quantum wire (QW). For a QW, the energetic distribution of the DOS is proportional to 𝐸 –2 , see
Figure 1-4(C). This DOS distribution is typically referred to as saw-tooth. Lastly, the energetic
distribution of the DOS within a 0D QD is depicted in Figure 1-4(D). The reduced material size
and 3D quantum-confinement effects localize the DOS to Dirac functions. The lack of continua
in all three dimensions produces energetically-discrete excited states. From Figure 1-4, it is
apparent that the decreases in the size and shape of a semiconductor affect the energetic
distribution of available states within these systems.
The excitation of electrons that produces holes within the semiconductor energeticallyseparates the charge carriers within the CB and VB. Spatially, however, electrons and holes can
occupy the same volume and Coulombic interactions between the charge carriers influence the
energetics and dynamics. In 0D QDs, the reduced size of the material is on the order of the
electron and hole wavefunctions, therefore, the overlap of the charge carrier wavefunctions is
“forced” and termed an electron-hole pair. In semiconductors with increased dimensionality,
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spatial elongation in one or more dimensions of the material allows for charge carriers to travel
freely. If the Coulombic interactions between the electron and hole are large, the carriers will not
separate and can move about together within the continua of the semiconductor. These
Coulombically-bound electron-hole pairs are termed excitons. Additionally, the excitons in
semiconductors have hydrogen-like energy levels and the energies of these levels are decreased
with the respect to free-carrier states due to the energetic-stabilization of the excitonic
interaction.
In bulk semiconductors, the macroscopic dimensions result in weak coulombic
interactions between electrons and holes. The exciton binding energies between the electons and
holes are material dependent with typical values of ~16 meV for CdSe25, 26 and ~10 meV for
CdTe.25 The average thermal energy of the system, is given by the Boltzmann distribution, kBT,
where T is the temperature of the system and kB is the Boltzmann constant, kB = 8.62 x 10–5 eV
K–1. At room temperature, T = 298 K, the average thermal energy imparted to carriers at thermal
equilibrium is ~26 meV. A simple comparison of the exciton binding energies and available
thermal energy implies that electrons and holes can easily dissociate from one another and
become spatially separated. Radiative emission of the electron and hole requires significant
wavefunction overlap dictated by the proximity of the charge carriers to one another. Therefore,
the radiative efficiencies of electrons and holes in bulk semiconductors are typically low. In
order to increase the likelihood of carrier recombination, doping of the semiconductor with
heteroatoms can be used to provide localization potentials that “trap” carriers within the crystal
lattice.27 These localization points allow for a greater extent of electron and hole wavefunction
overlap and the conservation of momentum required for more efficient radiative recombination.

1.4 Quantum confinement and dimensionality
The properties of semiconductors, the band structure, density of states, and the
Coulombic interactions between charge carriers, have until this point, only been discussed with
respect to material and size dependencies. With reduced size, down to the order of nanometers,
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an underlying phenomenon, termed quantum confinement, dictates the energetic distribution of
these NP properties. Quantum-confinement effects arise when the semiconductor material is
reduced to a length that is on the order of the exciton Bohr radius (ar). Again, these radii are
material dependent, with the exciton Bohr radii of bulk CdSe and CdTe being 5.6 nm22, 28 and 7.5
nm,28 respectively.
Different regimes of quantum confinement are characterized based on the relative
dimensions of the NP in comparison to the exciton Bohr radius of the material. Weak-,
intermediate-, and strong quantum-confinement regimes have been observed within differing
sizes of QDs.29, 30 The weak quantum-confinement regime is characterized as QDs with radius (r)
 3ar. The intermediate regime corresponds to QDs with r ~ar, and the strong quantum
confinement regime are QDs with r << ar. For the QDs and QWs investigated in this dissertation,
the size and material dependencies of the NPs are considered to produce intermediate quantumconfinement effects. The quantum platelets (QPs) investigated have dimensions of only ~1.8 nm
(thick), ~10 nm (width), and ~50 nm (length), producing strong quantum-confinement effects in
thickness dimension, and quasi-weak quantum confinement in the lateral dimension. For this
reason, these QPs are considered to be pseudo-1D.
Confinement of the charge carriers within one or more dimensions produces dielectric
differences between the nanometer-scale semiconductor and external environment. The large
difference in the dielectric values of these environments results in a quantum-confinement
potential which alters the energies of the electronic states within these NPs. The exciton binding
energies may also be increased due to the spatial proximity and increased overlap of the electron
and hole wavefunctions. As the particle size is further decreased these interactions intensify
resulting in exciton binding energies for some systems that are more than twice the binding
energies of analogous bulk materials.31-37 In many NP systems, the binding energies exceed the
energy afford by kBT and the charge carriers are considered bound at room temperature.
Furthermore, bound excitons can play important roles in charge transport. For example, in QWs,
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the confinement potential in 2D yields 1D excitons. The longitudinal dimension allows these
excitons to traverse the length of the QW which can span microns.38-40 A 1D exciton, in this
system, moving along the length of a QW is described by,41
𝛹(𝑥𝑒 , 𝑦𝑒 , 𝑥ℎ 𝑦ℎ 𝑧, 𝑍) = 𝜙(𝑧)𝑒 ±𝑖𝐾𝑍 𝑒 (𝑥𝑒 , 𝑦𝑒 )ℎ (𝑥ℎ , 𝑦ℎ ) ,

Eq. 1.1

where the exciton wavefunction, 𝛹(𝑥𝑒 , 𝑦𝑒 , 𝑥ℎ 𝑦ℎ 𝑧, 𝑍), consists of electron,𝑒 (𝑥𝑒 , 𝑦𝑒 ), and hole

ℎ (𝑥ℎ , 𝑦ℎ ) quantum-confinement wavefunctions, and the bound exciton wavefunction 𝜙(𝑧)
moving in the longitudinal, z, direction. The translational motion of the exciton is described by
𝑒 ±𝑖𝐾𝑍 , where K is the momentum of the bound exciton and Z is the center of mass or position of
the electron and hole along the length of the wire.
Quantum confinement not only affects the excitonic interactions of the electrons and
holes within NPs, but also the energies of the electron and hole states within the CB and VB. In
Section 1.3, the spatial dimensions that were reduced to the nanometer-scale to produce NPs of
varying geometries were said to induce discretely valued states. For completeness, these states
are generally described as quantum-confinement states. The electrons and holes within these
quantum-confinement states take on hydrogen-like wavefunctions and the energies of the states
are dependent on the relative size of the semiconductor in comparison to the Bohr radii of the
charge carriers.
Quantum-confinement effects on the CB and VB states were first noted in QWell
systems42 and have been described for a wide range of semiconductor NP geometries. The mostwidely researched NP, the QD, first characterized by Ekimov43 and Brus,44-46 has a pseudospherical geometry and the energy of the band gap transitions was observed to change for QDs of
with different radii. Based on absorption measurements that probed the band edge transition
energies, the QD band gap (EgQD) was modeled empirically with respect to the QD radius (r)
using the Brus equation,47
𝐸𝑔𝑄𝐷 = 𝐸𝑔𝑏𝑢𝑙𝑘 +

ℎ2
8𝑟 2
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Eq. 1.2

where Egbulk is the bulk semiconductor band gap, and me* and mh* are the effective masses of the
hole and electron, respectively. As the radius of a QD decreases, the effective EgQD increases
proportionally with 1⁄𝑟 2. Therefore, the size of the NP can be utilized to modify or tune the
absorptive and emissive properties of NPs for different applications.
In general, the energetic shifting of the Eg of a semiconductor nanoparticle due to
quantum confinement effects can be described by,
𝐸𝑔 = 𝐸𝑔𝑏𝑢𝑙𝑘 + 𝐸𝑄𝐶 − 𝐸𝑒𝑥𝑐𝑖𝑡𝑜𝑛 ,

Eq. 1.3

where EQC is the energetic shifting of the quantum-confinement states due to the quantumconfinement potential, and Eexciton arises from the excitonic interaction between the electron and
hole. In Eq. 1.3, EQC is comprised of quantum-confinement effects of the electron (EQCe) and
hole (EQCh). As discussed below, the energetic shifting due to quantum confinement effects are
not limited to the band edge transition but occur for all quantum-confinement states, and can be
calculated using various models.
As a first approximation, the energetic shifting for all of the quantum-confinement states,

EQC(n), are obtained by solving the Schrodinger equation for a 1D particle-in-a-box (1D-PIB).48
In this model, the particle is confined by an infinite potential; a rough approximation for the
dielectric differences between the surface of the NP and external environment. The E(n)
calculated for the CB states is,
𝑛2 ℎ 2

𝐸𝑄𝐶 (𝑛) = 8𝑚∗ 𝐿2 ,

Eq. 1.4

𝑒

where EQC(n), is dependent on the principal quantum number, n, Planck’s constant, h, the
effective mass of the electron, me* and the length of the box, L. The hole states can be calculated
similarly by substituting mh*for me* in Eq. 1.4. The 1D PIB model is useful for estimating the
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energy states in quantum-confinement systems, however, the infinite potential and 1D
confinement approximations can be improved using various other models.
For QDs, the energetic-shifting of the quantum-confinement states due to a 3D
confinement potential is more accurately estimated by considering quantum-confinement effects
in all three dimensions. In this model, the 3D PIB sums the quantum confinement-effects in the
three dimensions, x, y, and z,49

𝐸(𝑛𝑥 , 𝑛𝑦 , 𝑛𝑧 ) =

ℎ2
8𝑚𝑒∗

𝑛2

2
𝑛𝑦

𝑥

𝐿2𝑦

( 𝐿2𝑥 +

+

𝑛𝑧2
𝐿2𝑧

).

Eq. 1.5

Even still, the dielectric differences between the semiconductor and external environment is
estimated in PIB models use infinite potentials. These approximations do not realistically
estimate the type of confinement potentials charge carriers experience within this system. A
more complete approximation utilizes the solutions for a particle-in a spherical potential, given
by,50

𝐸(𝑛, 𝑙) =

2 (𝑛,𝑙)ħ2
2𝑚𝑒∗ 𝑟 2

,

Eq. 1.6

where (𝑛, 𝑙) are the zero-order spherical Bessel functions with values dictated by the n and l
quantum numbers. These models are not without limitations. In general, the Brus equation is a
good approximation for the experimentally determined dependence of EQC as a function of QD
size within the weak to intermediate quantum confinement regimes. More accurate calculations
invoke a spherical confinement potentials as well as band-mixing of the valence band states.22, 29,
51, 52

A complete analysis of theoretical calculations lies outside the scope of this dissertation,

however, a summary of different methodologies is provided in ref. 52.
For NPs of higher-dimensionality, the geometry dictates that non-spherical confinement
potentials surround the charge carriers. The energetic-shift of the quantum-confinement state
energies relative to bulk are approximated in 1D QWs using a-particle-in-a-cylinder model, with
energies given by,53, 54
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𝐸(𝑛, 𝐽) =

ℎ2 𝜙2 (𝑛,𝐽)
2𝜋 2 𝑚𝑒∗ 𝑑2

,

Eq. 1.7

where 𝜙(𝑛, 𝐽) are the cylindrical Bessel functions with values dependent on the n

and (𝐽𝑙 (𝑥)) values.54 For 2D QWells, the 1D PIB can be used to estimate the 1D confinement
potential of the system.

1.5 Optical transitions and quantum yields
The impact of quantum-confinement effects on the properties of a NP, including the DOS
and oscillator strengths of the quantum-confinement states, as well as, the quality of a NP
ensemble can be probed via steady-state spectroscopy. Absorption is the ratio of transmitted light
passed through an absorptive material relative to the initial intensity of light. By measuring the
absorption values across a broad range of photon energies, an absorption spectrum is collected.
For the samples investigated in this dissertation, photons within the visible regime possess
energies that are equal to or greater than the Eg of the NP. The UV-visible absorption spectrum
therefore yields the energetic distribution of optically-active electronic states within a
semiconductor; the photon energies absorbed correspond to transition energies or energetic
difference between the initial and excited carrier states. Emission spectra of these samples, in
contrast, detail the energetic distribution of emitted photons from the lowest-energy quantumconfinement states. In general, the optical selection rules of allowed transitions dictate that
n = 0 and 𝑙 = 0 between the initial and final states of a transition during an excitation and
emission event.

1.5.1 Absorption
The absorption and emission spectra of typical colloidal CdSe QD, CdTe QW, and CdSe
QP ensembles investigated in this dissertation are plotted in Figure 1-5. From the absorption
spectra of these samples, there are several clear indications of quantum-confinement effects.
Bulk II-VI semiconductors have band gaps that are energetically close to the near-infrared region
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of the light spectrum; the Egbulk of CdSe23 and CdTe23 are 1.751 eV and 1.49 eV at room
temperature, respectively. However, in the case of the ensemble CdSe QD absorption spectrum
in Figure 1-5(A), the first absorption feature is at ~2.1 eV, EgQD ~350 meV.

Figure 1-5. Absorption, photoluminescence, and optical transitions of various NPs investigated in this dissertation. (A) The
absorption (black) and photoluminescence (red) spectra of ensemble ~3.9 diameter CdSe quantum dots. The prominent
transition within the each of the absorption features is listed. The absorption, photoluminescence, and prominent optical
transitions are assigned for (B) ~7.5 nm diameter CdTe quantum wires and (C) ~1.8 nm thick CdSe quantum platelets.

Numerous features, denoted by solid lines at photon energies corresponding to absorption
maxima, are present within the spectrum. The three strong absorption features are labeled using
the quantum-confinement state nomenclature that designates the electron and hole states probed
at a given photon energy, 1Se – 1S3/2, 1Se – 2S3/2, and 1Pe – 1P3/2. The nomenclature for
electronic transitions within QDs follows that of a multiband effective mass approximation.22, 51
The quantum-confinement states of the CB are designated by the transitions (S,P,D, and F) from
atomic spectroscopy, i.e. 1Se, 1Pe, etc. and determined based on the lowest angular momentum
value of the exciton.22 The lowest energy feature, 1Se – 1S3/2, therefore refers to excitation of an
electron to the 1Se of the CB leaving a hole in the 1S state of the hh or A band, |Jz| = 3⁄2.
The optical transitions of CdSe QDs (W, diameter ~3.9 nm) are further complicated by
the VB mixing of the hole states.22, 52 This mixing results from the small spacings of the
quantum-confinement states in the VB and sharing of their characteristics. For example, in
Figure 1-5(A), the feature denoted by the transition, 1Se – 2S3/2, also consists of absorption
contributions from the 1Se – 1S1/2 transition. Additionally, the 1Pe – 1P3/2 feature has absorption
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contributions from the 1Se – 2S1/2 and 1Pe – 1Pl1/2 transitions.22 The superscript l is used to
indicate that this transition involves the lh or A band rather than the so or C band with angular
momentum |J| =1⁄2. For CdSe QDs of W crystal phase, the selection rules are l = 0, ±1, and ±2
meaning that additional transitions can occur between the 1S and 1P electron and hole states,
respectively.52 The contributions of these transitions to the absorption spectrum, however, are
considered small since the oscillator strengths of these transitions are relatively low.
Lastly, it is important to note that the DOS for QDs (described in Section 1.3) is
energetically-localized to a narrow distribution. The features within the absorption spectrum of
CdSe QDs, however, have full-width half-max (FWHM) values  50 meV. Previously, this
spectral broadening has been attributed to size dispersion of the QDs within ensembles. With the
improvement of synthetic protocols, the size variation of ensemble QDs is now routinely  5%.
Therefore, size distribution is an unlikely source for this spectral broadening. Additionally,
single-particle absorption measurements also depict similar spectral broadening. These results
suggest that a more intrinsic process occurs, with phonon coupling now being a more accepted
source for spectral broadening in NP absorption spectra.
The absorption and PL spectra of ensemble CdTe QWs (ZB/W, diameter ~7.5 nm) are
plotted in Figure 1-5(B). Similar to QDs, the spectrum contains numerous features spanning a
broad range of photon energies. The larger diameter and 1D geometry reduces quantumconfinement effects and results in a narrower spacing of the quantum-confinement states of the
electron and hole with respect to the CdSe QDs. Additionally, VB hole-mixing complicates the
assignment of the absorption features. Sun et al.54 have characterized the wavefunctions of the
quantum-confinement states associated with the absorption features for CdTe QWs using density
functional theory calculations. Due to valence band mixing, the high-energy absorption features
are best described by the CB quantum-confinement states. For 1D materials, Greek nomenclature
is used with designations similar to QDs (S, P, D… , , …). The high-energy absorption
features are therefore labeled 1/2 and 1/2/1.54
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The absorption and PL spectrum of pseudo-1D CdSe QPs (W, ~1.8 nm thick) are plotted
in Figure 1-5(C). The absorption profile however, is shifted to higher-energy than the CdSe QDs
in Figure 1-5(A) and CdTe QWs in Figure 1-5(B). This large Eg is the result of the small
number of atomic layers within thickness of the QPs (~1.8 nm), which yield strong quantumconfinement effects. Similar to the CdSe QDs, the hole energies are split into the B (hh) and A
(lh) bands. For these W CdSe QPs, The two lowest-energy transitions within the QP absorption
spectrum involve the B and A bands with a shared 1e state, denoted as 1e –1B and 1e – 1A,
respectively.

1.5.2 Emission
The photoluminescence (PL) spectra of NPs (red curves) in Figure 1-5(A) typically yield
Gaussian or Lorentzian energy distributions dictated by the energetic distribution of the radiative
state. Within semiconductors, spontaneous radiative emission occurs from the lowest-energy
states of the electron and hole within the CB and VB. At decreased temperatures, ≤ 175 K,55
optically forbidden “dark” states may constitute the lowest-energy state. These dark states
exhibit radiative lifetimes that are much longer than the lifetimes samples at room temperature
due to the fact that the emissive transition is optically forbidden. The relative energies of bright
(optically allowed transitions for radiative recombination) and dark states at the band edge are
affected by quantum confinement and are material specific.56 However, the energetic difference
between the bright and dark state fine-structure in II-IV CdSe with differing geometries is
typically <15 meV.55 Therefore, the emission data collected at room temperature (kT~26 meV)
in this dissertation, neglects considerations from dark states when discussing the PL or emission
lifetimes.
As a first approximation, PL measurements acquired at room temperature provide insight
into the quality of an ensemble or single NP. The PL spectrum can be used to determine if large
size distributions occur when varying synthetic protocols; since differing sizes of NPs result in
differing quantum confinement effects, the energy of emitted photons from a NP is size19

dependent. Ensembles with a large size distribution will therefore produce PL spectra with large
FWHM values. For the NPs investigated in this dissertation, the size distribution of all samples
was <15% with PL FWHM values of ~100 meV. If the ensemble contains distributions of NPs
with distinctly differing sizes, the PL spectrum can appear bimodal or multimodal. For ensemble
and single NPs, additional emission peaks can also be observed due to emissive “inter-gap” trap
states. The presence inter-gap trap emission is indicative of non-preferential surface or
crystalline quality within the NP and discussed in detail in Section 1.6.
While a PL spectrum provides some insight into the quality of the nanomaterial, the PL
quantum yield (PL) is a parameter of great importance for assessing overall quality and
interpreting charge carrier dynamics. The PL value is determined from the ratio of emitted
photon intensity relative to the intensity of light absorbed by a sample. The higher the PL value,
if measured from the radiative band edge state, the more radiative recombination occurs within
the system under the same excitation conditions. The reduction of detrimental nonradiative trap
sites and mechanisms that decrease the PL value are highly-desired for applications that utilize
NPs systems.
QDs exhibit some of the highest PL values reported for semiconducting NPs, with
commonly reported ensemble values ranging from 10 – 50%.57, 58 Additional surface
modifications have been reported to improve the PL values of QD samples to near-unity
values.7 For 1D nanostructures, the as-synthesized PL values are typically much lower. Despite
the narrow distribution of emitted photons in Figure 1-5(B), ensemble PL values reported for IIVI QWs are typically <0.5%.59-62 These low values indicate that radiative recombination is
unlikely within these systems. Post-synthetic surface modification, however, has been shown to
improve radiative efficiencies to values up to 25%.62 Alternatively, 2D NPs, such as QP and
quantum belts exhibit as-synthesized PL values of 5 – 30%,63 despite quantum belts having
similar surface areas as 1D QWs. The higher PL values have been attributed to nonradiative
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charge carrier trapping sites preferentially located along the thin edges63 of the QBs and the
increased binding energy of the exciton to values >100 meV.36, 37
The strong quantum-confinement effects exhibited by 2D QPs also invoked the notion of
a giant oscillator strength transition (GOST) within 2D structures.36, 37 The GOST likens the
large binding energies of QPs to a coherent exciton center of mass with extensive overlap of the
electron and hole wavefunctions resulting in very short radiative lifetimes. (<400 ps at 6 K)37, 64
The emission lifetime is, however, temperature dependent with longer lifetimes observed with
increasing temperature.37 These increased lifetimes are attributed to thermally-activated phonon
modes at increased temperatures which dephase the exciton.36, 64, 65 The GOST effect is therefore
one example of the relation between quantum-confinement effects, emission efficiency, and
charge carrier dynamics.

1.6 Charge carrier dynamics at the band edge
Steady-state PL measurements allow for the determination of radiative recombination
efficiency within a given system, however, such measurements only provide snap-shots of the
PL process. The PL value is only a measure of the initial photon input and resultant emission
output from a NP. The underlying factors that affect the PL value of a sample are dictated by the
interactions charge carriers experience while excited in the CB and VB. As mentioned
previously, the PL values of band edge emission in ensemble nanomaterials are generally less
than 100%. This implies that excited carriers enter detrimental potential-energy minima (trap
states) while excited. The carriers may relax either through nonradiative or emissive pathways
from these traps. If recombination from trap states occurs via photon emission, the presence of
these traps within the ensemble may be identified with PL measurements. However, more
commonly, traps are nonradiative in nature and time-dependent experiments that measure
charge-carrier dynamics are needed to probe these interactions. Since the emissive properties are
vital to many applications that utilize NPs, the assignment and removal of detrimental trapping
pathways is a significant field of ongoing research.
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1.6.1 Radiative recombination and trap states
The simplest excitation for discussing charge-carrier dynamics within NPs involves direct
excitation to the lowest-energy quantum confinement states within the CB and VB. This
excitation is denoted with a purple arrow in Figure 1-6(A) for CdSe QDs where a photon with
energy equal to the energy of the 1Se –1S3/2 transition is absorbed. After excitation, the electron
and hole recombine via band edge emission with an intrinsic rate constant (krad). Depopulation
from the excited state takes the form of an exponential decay 𝐴𝑒𝑥𝑝(– 𝑘𝑟𝑎𝑑 𝑡), where A is the
amplitude of the decay in time (t). The radiative rate and relaxation dynamics are also routinely
reported in terms of the lifetime (τrad ), where the lifetime is obtained from the expression

rad = 1/krad. Here, rad is defined as the time point at which 1⁄𝑒 or 36.8% of the initial emission
intensity occurs. For reference, the τrad of CdSe and CdTe QDs has been reported to be 10 – 30
ns at room temperature.66, 67

Figure 1-6. Direct band-edge excitation and possible relaxation pathways. (A) energy level diagram depicting direct excitation
(purple arrow) of the electron (gray sphere) from the ground state to the 1S e state. The electron and hole (green sphere)
recombine via radiative recombination (blue arrow) at a rate krad. Two trapping scenarios are presented. In Scenario I, the
electron is trapped in an inter-gap state at a rate of kint and emits (red arrow) at a rate ktrap. In Scenario II, the electron is trapped
at a rate of kiso. The trapped electron then undergoes either, nonradiative recombination at a rate of knrad, or re-enters the
conduction band at a rate of kdetrap and emits at the band edge. (B) absorption (black) and photoluminescence (gray) spectra of
CdSe QDs.

In this simple case where only radiative recombination is possible, the observed PL
lifetime (PL) is PL = rad. In real systems, however, energetically-accessible trap states exist that
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can diminish or alter the emission profile and PL value of the NPs. Two types of trap states are
depicted in Figure 1-6(A) that exemplify how the energies of trap states relative to the
semiconductor might affect the NP. Scenario I, details the trapping of an electron in into an
inter-gap trap state; the energy of the trap is within the band gap of the semiconductor. The intergap state localizes the wavefunction of the charge carrier (in this case an electron) and reduces
the energetic difference between the electron and hole states. Therefore, any radiative
recombination from this trap state will be lower in energy than the band gap of the
semiconductor, as plotted in the PL spectrum of Figure 1-6(B). The reduced overlap of the
electron and hole wavefunctions further alters the rate of emission from this trap site, ktrap,
relative to the band-edge recombination. Experimentally, however, inter-gap emission can
potentially dominate an ensemble PL spectrum, since the PL intensity is dependent the number
of trapping interactions, and band edge emission may be decreased further by alternative types of
trapping states within the NP.
Scenario II in Figure 1-6A depicts an alternative trap state that is nearly-isoelectronic
with the 1Se quantum-confinement state in the CB. Due to this energetic proximity, electrons
initially become isolated in near-isoelectronic trap state at a rate kiso, and localized outside of the
semiconductor. Again, this localization decreases the probability for radiative recombination of
the carriers while trapped and may result in relaxation via nonradiative pathways (knrad).
Alternatively, if such traps are <26 meV from the CB, the thermal energy of room temperature
results in carriers becoming de-trapped (kdetrap). These carriers then re-enter the CB and
radiatively recombine at the band edge. It is important to emphasize that the same type of traps
presented for electrons in Figure 1-6 are also possible for holes in the VB.
The effects of inter-gap and isoelectronic trapping are depicted in the steady-state PL
spectrum plotted for CdSe QDs in Figure 1-6(B). The large energetic difference between the CB
and inter-gap state produces two resolved PL peaks separated by the energy difference between
the band edge and inter-gap energies. The band-edge emission occurs near the 1Se–1S3/2 while
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the lower-energy PL is a clear indication of trap emission. The origins for inter-gap trap emission
in CdSe QDs have been studied and are generally attributed to the scavenging of excited holes.6870

In this assignment, inter-gap traps arise from dangling or uncoordinated bonds of Se atoms69, 70

on the QD surface with ktrap > krad.71 Mooney et al72 have also reported that at low temperatures
the PL intensity from inter-gap traps increases suggesting that intrinsic surface states rather than
dangling Se bonds may give rise to this emission.
Steady-state PL measurements alone, however, are insufficient for identification of
isoelectronic trap states. The emission from de-trapped carriers and band edge carriers are
indistinguishable within the PL spectrum because the emissive states in both cases are the same.
Time-resolved PL measurements assist in assigning isoelectronic emission because the rate at
which the carriers become detrapped, kdetrap lengthens the observed emission lifetimes. This
phenomenon, termed delayed emission, has been identified in CdSe QDs73, 74 and also observed
in 2D QPs75. The reported delayed emission lifetimes are orders of magnitude greater than rad
due to the quasi-stable nature of the state resulting in small kdetrap values; delayed emission
typically occurs on the order of micro- to milliseconds.73-75 The effects of delayed emission have
also been attributed as a source for additional phenomena in nanomaterials such as NP blinking
or PL intermittency.76

1.6.2 Trapping rates
Both trapping processes presented in Figure 1-6 yield charge carrier emission dynamics
that vary from krad. Since both types of traps are emissive, decay rates (or lifetimes) from these
trapping states can be measured using time-resolved PL spectroscopy. The charge-carrier
trapping efficiency is dictated by the relative rates carriers enter potential energy minima and
undergo radiative recombination. Fast carrier trapping can therefore compete with radiative
recombination, and these pathways are not necessarily emissive. The role of nonradiative
trapping and the effects on carrier dynamics are discussed below.
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For a simple oscillator system with a nonradiative trapping state, the observed timeresolved rate of emission (kPL) is sum of the radiative rate and the rate that carriers are removed
from the band edge into the nonradiative (knrad) state, kPL = knrad + krad. The observed rate of
emission can be measured by the time-resolved PL decay (TRPLD) which monitors the timedependent intensity of emitted light. For this simple system, the TRPLD yields a singleexponential with a kPL dependent on the differing rates of the krad and knrad. Therefore, the
TRPLD profile is shortened by additional interactions of carriers within the system despite these
the trapping interactions resulting in nonradiative decay. The observed emission can also be
expressed in terms of lifetime constants using,

𝑃𝐿 =

1
𝑘𝑛𝑟𝑎𝑑 +𝑘𝑛𝑟𝑎𝑑

and 𝑃𝐿 =

𝑛𝑟𝑎𝑑 𝑟𝑎𝑑
𝑛𝑟𝑎𝑑 + 𝑟𝑎𝑑

.

Eq. 1.7

In ensemble NP systems, however, the dynamics measured are typically more
complicated than this. The observed TRPLDs measured via time-correlated single photon
counting (TCSPC) and occupation signals recorded via transient absorption (TA) are often
multiexponential. This deviation from single-exponential behavior is the result of differing
environments of nonradiative trapping being present within the ensemble of NPs. NP-to-NP
variations in crystalline and surface passivation quality are attributed to the different exponential
decay lifetime constants measured. Further details regarding the data analyses of the timedependent decays reported in this dissertation are provided in Chapter 2.
The timescales for carrier trapping in semiconductor NPs have been probed for some
NPs. As mentioned previously, the PL values of ensemble NPs are typically below 100%. The
established pathways for carrier trapping extend beyond the scope of isoelectronic and inter-gap
traps to include individual electron and hole traps that are nonradiative. Knowles et al77 have
characterized separate electron and hole trapping lifetimes in CdSe QDs using transient
absorption measurements. Two separate lifetimes were established for hole trapping on
timescales of <5 ps and ~40 ps while electron trapping occurs within ~1 ns.77 These fast carrier
trapping times are consistent with competitive nonradiative pathways that lower radiative
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efficiency. In the case of CdTe QDs, hole and electron capture by nonradiative trap states has
been reported to occur on the picosecond timescale.78, 79 The dynamics of CdTe QWs are also
consistent with rapid nonradiative losses occurring within picoseconds.80

1.6.3 Power dependence
Additional carrier relaxation pathways can be induced by multicarrier interaction. Under
low excitation fluence conditions, the average number of excited electron-hole pairs per
excitation event (N) is less than 1. Nonradiative losses in this case are attributed to carrier
trapping as discussed above. At higher excitation fluences, the number of electron-hole pairs
excited within a single NP can be on average >> 1 and multicarrier interactions that affect the
dynamics result. These interactions produce additional relaxation mechanisms broadly defined as
Auger relaxation81 and may involve three or more excited charge carriers.
The simplest case of interband Auger relaxation involves a band edge electron-hole pair
(or exciton) and an additional hole or electron within the VB and CB. These three-particle
systems are termed trions and named based on the additional charge species involved; an exciton
coupled with an additional hole is referred to as a positive trion while an exciton coupled with an
electron is termed a negative trion. The presence of additional carrier induces an Auger
relaxation mechanism whereby the electron-hole pair recombines nonradiatively. Due to
conservation of energy constraints, the energy lost by the electron-hole pair re-excites the
additional charge carrier within its respective band.81 This multicarrier interaction acts to modify
the dynamics of all carriers involved and lowers the PL value of the NP.
With increasing excitation fluence, biexciton and triexciton interactions occur due to the
increased number of carriers excited within a NP. In the biexciton Auger mechanism, one
electron-hole pair nonradiatively recombines imparting the excess energy to the second electronhole pair. Characterization of biexciton Auger relaxation times have been extensively studied in
QD systems81-83 due to the dimensional constraints of the QDs forcing spatial overlap of all of
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the carriers and resulting in multicarrier interactions. Studies of Auger relaxation have been
modeled based on the carrier dynamics recorded via transient absorption using systematically
increased excitation fluences in CdSe QD samples. The observed Auger lifetimes (AUG) within
the strong-confinement regime occur on the timescale, AUG ~45 ps and Auger lifetimes of trions
and four-exciton systems further decrease to 21 and 10 ps, respectively.83 The quantumconfinement effects that influence Auger dynamics of biexcitons has also been modeled
revealing a volume dependency of AUG  1/r3.83 While at moderate excitation fluences
biexciton recombination acts to modify PL , the carrier dynamics at high fluences can nearly
quench single exciton dynamics due to the amount of nonradiative losses induced by Auger
relaxation.
In NPs possessing a higher-degree of translational freedom, the Auger relaxation times
are decreased. The reduced confinement potential and spatial separation of carriers lowers the
degree of interactions caused by multi-carriers. In CdSe QWs, biexciton AUG have been reported
to range from ~4080 to ~350 ps84 using the volume-based modeling approach utilized for QDs. In
2D CdSe QPs, this model has been shown to break down.85 While similar long AUG values, have
been obtained for biexciton interactions, AUG ~140 – 320 ps,85 a strict volume dependency was
determined to not accurately detail the changes in AUG with respect to dimensional changes that
affect the area of the NP. A linear relationship between increasing surface area and AUG . Li and
Lian85 attribute this break down to changes in the quantum-confinement potential of the lateral
dimension and collision frequency of excitons determined by the longitudinal dimensions that
are not accurately characterized by simple changes in volume for higher-order NPs.85 It is
therefore important to measure dynamics as a function of excitation fluence to extract or
characterize the dynamics of individual charge carriers; particularly when the population of
initially excited carriers is >1 exciton per particle.
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1.7 Intraband charge carrier relaxation
Excitation of charge carriers using high-energy photons promotes ground-state charge
carriers into the CB and VB with energy in excess of the band edge. In bulk semiconductors, the
lack of quantum-confinement effects and low exciton binding energies leads to spatiallyseparated high-energy carriers that are excited within a continuum of states at room temperature.
The excess energy is easily dissipated into the semiconductor via charge carriers coupling to
phonon modes. The continuum of states within bulk semiconductors provides an effective form
of energy release that results in thermal heating of the material. This relaxation of highly-excited
charge carriers to the band edge is termed intraband relaxation (IRD), with the mechanism of
phonon scattering proceeding at a rate of 0.2 – 0.5 eV ps–1 in II–IV semiconductors.83
As the size of the material is reduced to a regime that quantum-confinement effects are
observed, the DOS in QDs is decreased and results in large energetic spacings of quantumconfinement states. Without a significant DOS, carriers excited to high-energy quantumconfinement states would be unable to efficiently couple with the vast amount of phonons
required to relax to a lower-energy state. This led researchers to suggest the concept of a
“phonon bottleneck”.86, 87 In principle, a phonon bottleneck could be manipulated to suspend
charge carriers in high-energy states for longer periods of time, allowing for better collection of
high-energy charge carriers, and breaking the Shockley–Queisser limit for solar cells via highfluence excitation. In practice, however, studies of intraband relaxation in QDs, produced
relaxation rates greater than bulk materials,83 effectively breaking the phonon bottleneck theory.
Subsequent studies probing intraband relaxation have produced alternative mechanisms
for intraband relaxation. Even under low excitation fluence, experiments performed on QDs,
revealed that the relaxation rates of charge carriers have been observed to be larger than
analogous rates in bulk semiconductors. These results led to the proposal of a two-body Auger
relaxation mechanism.88 In the two-body model, highly-excited electrons rapidly relax by
imparting large quanta of excess energy to the hole within the VB causing re-excitation of the
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hole. The smaller energy spacing of quantum-confinement states in the VB allow for holes to
relax rapidly. Intraband relaxation rates in nanomaterials with higher-dimensionality are still
being studied with the threshold-crossing for Auger-mediated vs phonon-assisted relaxation not
currently well-understood.
Lastly, other means of intraband relaxation have been proposed in quantum-confinement
systems. Guyot-Sionnest et al89 have performed a systematic study to determine the effect that
ligand-coupling may have on intraband relaxation times. By varying the passivating ligand on
the QD surface, the observed intraband relaxation times of the electron were modified. These
results suggest that charge-carrier relaxation can be engineered via surface passivation methods.
In an effort to expand our knowledge of charge-carrier relaxation of NP systems, I
investigate the relaxation of charge carriers in NP systems of various geometries. With respect to
the research efforts of QDs, much less is known about the relaxation dynamics of NPs with
higher-degrees of translational freedom. A primary focus of this dissertation involves the study
of relaxation dynamics in the CdTe QW system, while also probing the radiative efficiencies of
various other NP systems.

1.8 Outline of dissertation
Chapter 2. This experimental chapter details the synthetic and post-synthetic procedures
used to obtain the samples investigated in this dissertation. Sample preparation and a detailed
discussion of instrumentation used is provided. Details regarding data analyses as it pertains to
the general work-up of the spectroscopic data are discussed with example data provided for
clarity. Appendices with additional information as it relates to the specific data within each
chapter are also included.
Chapter 3. As mentioned within this introduction, semiconductor NPs have a DOS that is
dictated by particle size, geometry, and quantum-confinement effects. In this chapter, we
investigate the role the DOS may have on the emission efficiencies of the electrons and holes.
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An excitation energy dependence (EED) is measured for samples of various geometries to
determine if the emission efficiency is dependent on the initial quantum-confinement states.
Chapter 4. TA measurements were collected on as-synthesized CdTe QWs to probe the
intraband and interband dynamics of carriers excited with excess energy above the CB and VB.
The data revealed additional signals within the TA spectra that were separate from the carrier
occupation within the quantum-confinement states. The data collection method and interpretation
of general TA spectra are discussed in Chapter 2. From our data analyses we formulate and
present a model termed quantum-state renormalization (QSR) that can be used to separate these
signals
Chapter 5. The dynamics of charge carriers within the quantum-confinement states
measured via TA spectroscopy are presented for as-synthesized CdTe QWs. The QSR model for
fitting TA spectra is employed to ascertain the TA signal contribution due to carrier occupation
within these states. The intraband relaxation of carriers is quantified and compared to the
relaxation rate of bulk. Interband dynamics of the band edge are also discussed.
Chapter 6. The surface of the NP plays a key role in the interband dynamics due to the
presence of nonradiative trapping states. In this chapter, the TRPLD profiles of collected using
TCSPC are measured for samples of as-synthesized CdTe QWs and optically enhanced QWs.
The carrier lifetimes obtained from these measurements are discussed with relation to the role of
the surface passivation and dimensionality of the material.
Chapter 7. This chapter summarizes the conclusions made from the spectroscopic studies
performed in Chapter 3 – Chapter 6. Future experiments aimed at bolstering the results and
expanding the knowledge obtained from this dissertation are discussed.
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Chapter 2:
Experimental Methods
2.1 Sample Syntheses
Chapter 3 sample syntheses. Synthesis of 5.7 nm diameter wurtzite (W) CdSe QDs
(Figure 3-1(A)) was performed by Dr. Paul Morrison following a previously reported method1
with slight modifications2 and dispersed in dried toluene (SigmaAldrich, CHROMASOLV for
HPLC). The CdSe QDs reported in Figure 3-4(A) were purchased from NNlabs and dispersed in
toluene. The ~1.8 nm thick W crystal phase CdSe QPs (Figure 3-1(B)) were synthesized by
Dr. Yuanyuan Wang using a previously reported co-amine solvent method for lamellar-template
growth and unbundled in a 1:1 mixture of toluene/oleylamine (v/v).3 Predominantly W crystal
phase 6.0 nm diameter CdTe QWs (Figure 3-1(C)) were synthesized via a previously reported
procedure4 and dispersed in dried toluene.
The procedures for synthesis of admixture zinc blende (ZB)/W crystal phase CdTe QWs
has been previously reported.5, 6 ZB/W crystal phase CdTe QWs with an average diameter of 7.4
nm (Figure 3-1(D)) were synthesized by Dr. Fudong Wang.6 ZB/W crystal phase 6.8 nm
diameter CdTe QWs (Figure 3-2(D) and Figure 3-4(B)) were synthesized by Dr. Yi-Hsin Liu.5
Aliquots of these QWs were further enhanced (referred to as enhanced CdTe QWs in future
chapters), and dispersed in tri-n-octylphosphine (TOP, Sigma Aldrich, 90%). Detailed synthetic
procedures for all nanomaterials investigated in Chapter 3 are provided in Appendix 1. Batches
of toluene were dried via distillation with N2 over sodium benzophenone ketyl prior to use as a
dispersive solvent. Batches of TOP were recrystallized7, 8 prior to use.
Enhanced CdTe quantum wires. The two-step thermal and optical process for producing
enhanced CdTe QWs has been reported previously.9 Briefly, In a glove box, an aliquot of assynthesized CdTe QWs diluted in toluene, as described above, was added to a 1 cm pathlength
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quartz cuvette and diluted with additional dried toluene (1.5 mL). Ethanethiol (1.5 mL, Sigma
Aldrich) was added to the cuvette in a fume hood. The cuvette was tightly sealed with parafilm
and submerged above solution level in a sand bath (~100 °C) for a period of 24 hours. The
cuvette was then loaded into a plastic centrifuge tube and centrifuged at 2000 rpm for ~7
minutes. In a fume hood, the supernatant was decanted and discarded and fresh TOP (~3.5 mL)
was added quickly to the cuvette inside the fume hood. The cuvette was then placed in front of a
100 W incandescent lightbulb for a period of at least 12 hours. The sample remained in front of
the light bulb until all subsequent optical measurements were performed.
Chapter 4 and Chapter 5 sample synthesis. A batch of CdTe QWs synthesized by
Fudong Wang were grown from 9.1-nm-diameter bismuth (Bi) nanoparticles at 250 C in the
presence of di-n-octylphosphine (0.14 mol%) following the solution-liquid-solid (SLS) method
previously described for polytypic ZB/W CdTe QWs.6 Cd(di-n-octylphosphinic acid)2 and tri-noctylphosphine telluride (TOPTe, 0.025 mmol/g) were used as the Cd and Te precursors,
respectively, with the Cd:Te precursor mole ratio of 2.8. The CdTe QWs were stored in a
nitrogen purged glove box until steady-state and time-resolved spectroscopic experiments were
performed. High-resolution TEM images were acquired by Fudong Wang. From the TEM
images, the average diameter of the QWs was determined to be 7.5(9) nm. The domains of the
QWs consist of 59(11)% W and 41(11)% ZB phases. For absorption, fluorescence, and transient
absorption analyses, aliquots of the CdTe QW batch were diluted with dried toluene in a N2purged glove box.
Chapter 6 sample synthesis. A batch of CdTe QWs with nearly pure W crystallinity,
98.5% W and 1.5% ZB, was synthesized by Dr. Fudong Wang using the solution-solid-solid
(SSS) colloidal method.10 The mean diameter of the QWs was measured from TEM images
collected by Dr. Fudong Wang. The average diameter was determined to be 6.7(7) nm, and the
lengths of the QWs range from 1 to ~10 m using images acquired with low-resolution
transmission electron microscopy. Aliquots of this as-synthesized CdTe QW sample were
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thermally enhanced for 24 – 100 hours at 100 °C in toluene containing different thiol ligands
following the enhancement produce described previously. The samples were centrifuged, and the
solvent was decanted to isolate the enhanced CdTe QWs. TOP was quickly added to the samples,
and each sample was sealed and placed in front of a 100W incandescent lightbulb. CdTe QW
samples with PL = 1.2(1)% and 1.9(1)% were obtained when using hexanethiol as a passivation
ligand during the thermal enhancement step. Higher yields were achieved using ethanethiol, PL
= 4.0(1)%, 5.9(2)%, 7.2(1)%, and 9.0(3)%. Additional synthetic details are provided in
Appendix 4.

2.2 Absorption Measurements
Instrumentation. Extinction spectra were measured using a PerkinElmer Lambda 950
absorption spectrometer. This instrument features a double-beam, double-monochromator setup
coupled with an integration sphere to reduce loses of forward-scattered light. Deuterium and
halogen lamps were used as light sources to cover the entire UV-Vis spectrum. The double
monochromator utilized holographic gratings (1400 lines/mm) with separate reference and
sample beam paths. Transmitted light was detected via a photomultiplier tube. Typical spectra
were recorded with a resolution of ≤ 0.05 nm and a wavelength accuracy of ± 0.08 nm.
Calibration. Wavelength calibration of the absorption spectrometer was performed with a
standard, holmium oxide filter (PerkinElmer, PN: B008032) prior to collection of NP extinction
spectra. A background spectrum was collected using empty sample and reference compartments.
The holmium oxide spectrum was collected across a wavelength range of 250 – 700 nm with
typical step sizes of 0.1 nm and an integration time of 0.1 – 0.3 s per step. The spectrometer was
calibrated verifying the energetic maxima of four distinct peaks within the holmium oxide
spectrum, 279.3, 360.8, 460.1, and 536.4 nm, with a tolerance of <0.5 nm for the two highestenergy peaks.
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Sample Preparation. Colloidal nanoparticle (NP) samples were prepared in a N2-purged
glove box to avoid sample oxidation. An aliquot of a sample was transferred into a 1 cm
pathlength quartz cuvette via pipet and diluted in a solvent (typically dried toluene or TOP) to a
volume of ~3.75 mL.
Data acquisition. A background scan was performed using a matched cuvette filled with
the respective solvent of the sample. The sample was then placed in the front-facing integration
sphere to collect the sample spectrum. Typical extinction spectra were collected from 800 to 350
nm with step sizes of 0.5 or 1 nm, an integration times ranging from 0.25 – 1 s depending on the
intensities of the excitation sources, and 3 nm slit widths.
Data analysis. Extinction spectra were corrected for additional scattered light using,
𝑆𝑐𝑎𝑡𝑡𝑒𝑟(𝜆) = 𝑦0 + 𝐴𝜆–4

Eq. 2.1

where the scattering intensity at a given wavelength, 𝑆𝑐𝑎𝑡𝑡𝑒𝑟(𝜆), 𝑦0 is the baseline offset, and A
is a scaling factor for the scatter. An example scattering correction for a sample of CdSe QPs is
provided in Figure 2-1. The 𝑦0 and A values of Eq. 2.1 were determined by isolating and fitting
the high-wavelength portion of the sample extinction spectrum (550 – 650 nm, inset Figure 2-1).
This portion of the extinction spectrum was selected because the photon wavelengths within this
range were sub-band gap and the absorption by the sample is negligible. The extinction
intensities within this spectral range were therefore due to light scattering interactions with the
colloidal sample. The fit parameters obtained from Eq. 2.1 were then used to generate a
scattering curve across the entire extinction spectrum (red, Figure 2-1). This generated scatter
curve was subtracted from the extinction spectrum to produce the absorption spectrum with
negligible absorbance at photon energies below the band gap.
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Figure 2-1. Removal of scattering intensities from an extinction spectrum. Measured extinction spectrum (black), generated
scatter curve (red), and corrected absorption (blue) spectrum for sample of CdSe QPs dispersed in toluene. The scattering
intensity was determined by fitting the extinction spectrum at high wavelengths (gray box) to Eq. 2.1. Inset: scattering
intensity (red) obtained from the fit of the extinction spectrum (black) at high wavelengths. The corrected absorption
spectrum (blue) within this spectral region indicates negligible absorbance of the sample.

To assist in assignment of the transition energies for the quantum-confinement states
probed within a NP sample, second-derivative analysis of the absorption spectrum. An example
analysis is provided in Figure 2-2 for a sample of CdSe QDs. In order to reduce spectral noise
and obtain “clean” energetic maxima values, the absorption and second-derivative spectra were
smoothed with adjacent-point averaging since the step size of the spectra were small compared to
broad absorption features. Energies of the local minima within the second-derivative spectrum
were used to assign the energetic maximum of the features in the absorption spectrum that arise
from quantum confinement. Note for comparison, the absorption spectrum, the second-derivative
spectrum has been inverted in Figure 2-2. For spectra where adjacent-averaging was performed,
the absorption spectra and residuals due to smoothing are provided in the appendices of each
corresponding chapter.
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Figure 2-2. Determination of maxima within the absorption spectra using the second-derivative method. Absorption (black)
and second- derivative (red) spectra for sample of CdSe QDs dispersed in toluene. Note, the second-derivative spectrum has
been inverted. The maxima of the second-derivative spectrum, as plotted, were used to determine the energetic maxima (red
ticks) of the absorption features. The absorption and second-derivative spectra were smoothed using 5-point adjacentaveraging.

2.3 Photoluminescence measurements
Instrumentation. Photoluminescence (PL) spectra were collected using a Fluorolog-3
spectrofluorometer (Horiba). A schematic representation of the setup used for collection of PL
profiles is provided in Figure 2-3(A). A Xenon arc lamp was used as an excitation source with
excitation photon energies separated via a monochromator with a 1200 l/mm grooved grating
blazed at 330 nm. The excitation light was then passed through an excitation slit and directed
towards the sample. Emission from the sample was collected 90° relative to the excitation light.
The emission was passed through the emission slit and dispersed via a monochromator with a
1200 l/mm grooved grating blazed at 500 nm. The excitation and emission monochomators have
a resolution of 0.3 nm and accuracy of ±0.5 nm. For all PL spectra collected in this dissertation,
the emitted light was detected using a photomultiplier tube (PMT).
Spectral response and wavelength calibration. The attenuation of light due to the
internal optics within the system was characterized using PL spectra of NIST certified samples
(2940B, 2941, 2942, 2943C, and 2944B) following standard protocols.11-15 Spectral-response
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Figure 2-3. Schematic diagrams of the spectrofluorometer used for photoluminescence (PL) measurements. (A) Schematic
layout of the excitation light impeding a sample and collected emission using the Fluorolog-3. (B) PL quantum
yield (PL) setup utilizing an integration sphere.

correction files were generated with a bandpass of 3 nm for excitation and emission. Several
methods for wavelength calibration of the excitation and emission monochromators were
utilized. Standard operating procedures provided by Horiba use the H2O Raman signal to
optimize the emission monochromator, while the wavelength calibration of the excitation
monochromator performed via the reference channel signal from the xenon arch lamp.
Alternatively, the emission monochromator were wavelength calibrated from the emission peaks
of a mercury pen-ray. The excitation monochromator was then wavelength calibrated using the
detected excitation scatter produced from spectralon-coated blank placed in the sample
compartment.
Sample preparation and data acquisition. The sample preparations for standard PL
measurements follow the guidelines provided within Section 2.2. For all PL measurements, a
separate blank with the respective solvent of the sample was prepared in a matching quartz
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cuvette with an emission spectrum collected under the same experimental conditions. The blank
PL spectrum was used to characterize and remove any additional Raman signals. Due to the
instrumental settings used to acquire the spectral response of the spectrofluorometer, excitation
and emission slit widths of 3 nm were used. Typical step sizes ranged from 0.25 – 1 nm and
integration times ranged from 0.2 – 1 s per step. The PMT has a limited linear detection range of
≤ 2×106 counts per second (CPS). For most samples, neutral density (ND) filters were placed on
the excitation side of the sample compartment to decrease the detected PL intensity with typical
maximum intensities values of ≤ 1×106 CPS. Lastly, to reduce error in the PL intensities detected
due to power fluctuation of the excitation light, PL emission spectra were recorded while
simultaneously measuring the power from a scattered portion of the excitation light by a
reference detector. The reference detector records power in microamps (µA), therefore, the PL
intensities are reported in units of CPS/µA.

2.3.1 Photoluminescence quantum yields
Instrumentation. Absolute PL quantum yield (PL) measurements were performed using
the excitation and emission detection capabilities of the Fluorolog-3 with a fiber optic-coupled
Quanti-Phi (Horiba) integration sphere. A schematic representation of the spectrofluorometer
setup used for PL measurements is provided in Figure 2-3(B). Excitation light from the
excitation monochromator was coupled into an optical fiber and directed into the integration
sphere. The highly-reflective spectralon coating within the integration sphere maximized the
collection of scattered and emitted light necessary for quantification of the PL. Scattered
excitation light or sample emission within the integration sphere was then coupled into a separate
fiber optic cable and directed to the emission monochromator of the Fluorolog-3.
Spectral calibration and verification of PL accuracy. An additional spectral correction
file was generated to account for the attenuation of light due to the integration sphere and fiber
optic cables. This spectral correction was generated using standard operating procedures
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provided by Horiba. The accuracy of PL values were verified from samples of Rhodamine 6G
in ethanol (PL = 95%).16 The accuracy of the instrument was typically ± 5% of the PL value.
Data Acquisition. Absolute PL values were obtained using a 4-curve method. Excitation
scatter and emission intensity spectra were collected from the samples of interest and their
respective solvents. Figure 2-4 provides example spectra used to calculate the PL value for a
sample of CdSe/ZnS QDs. The excitation intensity spectra collected for the solvent (Solventexc)
and sample (Sampleexc) are plotted in Figure 2-4(A). The difference in the intensities of the
Solventexc and Sampleexc spectra (Iexc, inset Figure 2-4(A) is associated with the absorption of the
excitation light by the sample. Emission spectra of the sample (Sampleem) and solvent (Solventem)
were collected across the spectral range of photons emitted from the sample, Figure 2-4(B). The
emission intensity (Iem, inset Figure 2-4(B)) of the sample was determined from the intensity
differences between the Sampleem and Solventem spectra. Typical emission monochromator step
sizes ranged from 0.1 – 0.5 nm per step with integration times of 0.2 – 1 s per step and slit widths
of the excitation and emission monochromators fixed at 3 nm.

Figure 2-4. Four-curve method for calculating photoluminescence quantum yield values. (A) Excitation scatter intensity
spectra collected from a sample of CdSe/ZnS QDs (red, Sampleexc) and toluene solvent (black, Solventexc) using excitation of
580 nm (2.14 eV). Inset: the intensity difference (blue, Iexc) between the blank and solvent data in the main figure.
(B) Emission spectra collected from the CdSe/ZnS QDs (red, Sampleem) and the toluene (Solventem). Inset: emission intensity
(red, Iem) of the CdSe/ZnS sample after subtraction of the solvent emission in the main figure.
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The PL value of a sample was calculated using,

𝑃𝐿 (%) =

∫ 𝐼𝑒𝑚
∫ 𝐼𝑒𝑥𝑐

× 100 % .

Eq. 2.2

For samples of CdTe QWs with low PL values, ND filters were needed when recording
the scattered light spectra in order to remain within the linear regime of the PMT. The filters
were removed during acquisition of the emission spectra due to the low PL intensity of the
samples. An area balance factor (ABF) was applied to ∫ 𝐼𝑒𝑥𝑐 to account for the ND filter. The
ABF value was determined by the transmission of the ND filter at the excitation wavelength
(Texc), with ABF = 1/Texc. A 600 nm long wave pass filter was also positioned in front of the
emission monochromator to minimize the detection of second-order scattered excitation light
within the emission spectra. The intensities of the Sampleem and Solventem spectra were corrected
for incomplete transmission of the long wave pass filter prior to calculating the PL value. The
transmission of the 600 nm filter was ~90% across the spectral range of the emission spectra.
Excitation fluences used for PL measurements were  160 µW cm–2. PL measurements were
also collected using a previously described in-house spectrofluorometer with PL values
determined via the relative quantum yield method with standard Rhodamine 6G and oxazine1
dyes.2

2.3.2 Photoluminescence excitation spectra
Data Acquisition. The sample preparations for PL excitation spectra follow the
guidelines for collecting absorption and PL spectra. Similar step sizes, integration times, and slit
widths were used for collecting PL excitation spectra as those listed for PL measurements. Mesh
filters were utilized on the excitation side of the Fluorolog-3 in order reduce the excitation
fluence and to remain within the linear regime of the PMT. In this case, mesh filters were used in
order to avoid the inherent wavelength-dependence of transmitted light that occurs with ND
filters. Additionally, long wave pass filters were positioned on the emission side to minimize
scattered excitation light from reaching the detector.
49

Photoluminescence (PL) excitation spectra were collected using the excitation collection
method of the Fluorolog-3 software. A PL excitation spectrum measures the PL intensity at fixed
emission energy as a function of excitation energy. Typically, these measurements were recorded
monitoring the emission energy corresponding to the maximum of a sample PL spectrum.
Separate PL excitation spectra were also collected monitoring emission energies of the
PL maximum and approximate FWHM energies. A weighted-average spectrum was then
calculated based on the relative emission intensities of at these three energies of the PL spectrum.
This method is useful for averaging out size-dependent PL intensities within an ensemble
sample. An example of PL excitation measurements and corresponding average PL excitation
spectra are provided in Figure 2-5. Lastly, PL excitation spectra of the solvent were collected
under the same conditions and subtracted from sample spectra.

Figure 2-5. PL excitation and weighted-average spectra. (A) The absorption (black) of PL (red) spectra for a sample of
CdTe QWs dispersed in toluene. PL excitation spectra were collected at various PL energies (colored ticks). (B) PL
excitation spectra were collected monitoring the PL emission intensities at photon energies of 1.85 eV (black), 1.78 eV (red),
and 1.72 eV (blue) with excitation energies ranging from 3.1 – 2.1 eV (400 – 590 nm). Each PL excitation spectrum was
normalized at 2.75 eV based on the intensity of the PL spectrum in (A). The averaged PL excitation spectrum (gray) was
generated from the three spectra.
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2.4 Photoluminescence lifetime measurements
Instrumentation. The excitation source for photoluminescence lifetime measurements
was a commercial Ti:Sapphire oscillator laser system. A schematic representation of the system
is provided in Figure 2-6 for excitation at 450 nm. Specifically, a continuous-wave Millennia
laser (Spectra-Physics) with 6 W output was coupled into a mode-locked Ti:Sapphire oscillator,
Tsunami (Spectra-Physics). For excitation at 450 nm (2.76 eV), the output of the Tsunami laser
was tuned to 900 nm (570 mW, FWHM 10 nm) and frequency-doubled using a Model 3980
frequency doubler and pulse selector (Spectra-Physics 3980). The Model 3980 utilized an
acoustic optical modulator (AOM) for adjustment of the laser repetition rate via a control box.
The frequency-doubled output was focused and directed into a front-arm attachment of the
Fluorolog-3 sample compartment and used to excite the sample. The Fluorolog-3 emission
monochromator was used to disperse the sample emission via computer-controlled wavelength
selection with a typical emission slit width of 3 nm. A microchannel plate-PMT (MCP-PMT,
Hamamatsu) cooled via closed-loop chiller was used to detect photons emitted from the sample.

Figure 2-6. Schematic diagram of time-correlated single-photon counting setup.
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An additional residual beam of the Tsunami output passed through the Model 3980 and
focused into a silicon photodiode to provide a Sync trigger for the time-correlated single-photon
counting (TCSPC) electronics. A schematic diagram of the Sync triggering and single-photon
detection of emitted light is provided in Figure 2-7. The Sync signal was coupled to a long BNC
cable to delay the trigger signal relative to the excitation pulse. Typically, time-resolved PL
lifetime measurements were recorded with an acquisition window of 350 ns. Due to the
resistivity of the BNC (~1.54 ns ft–1) a ~254 ft BNC cable was used to provide the proper trigger
delay for this acquisition window. The detection time of a single photon, emitted after the sample
excitation pulse (blue), was recorded relative to the Sync trigger by the computer electronics.
Consecutive excitation pulses were used to excite the sample with the relative emission-totrigger time recorded. From the measured data, a histogram of the accumulated counts as a
function of time or time-resolved PL intensity decay (TRPLD) profile was acquired.

Figure 2-7. Schematic representation of TCSPC triggering and detected emission photon events.
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The laser repetition rates of PL lifetime measurements varied from ~2.1 × 103 –
4 × 105 pulses per second in order to avoid signal wrap-around effects. This effect occurred if
carriers, excited by the excitation pulse, remained in the excited state for a period of time longer
than the repetition rate of the laser pulse. The wrap-around effect, if present, manifested as a
large baseline-offset in the pre-trigger region (at times prior to the initial rise of the TRPLD). By
adjusting the laser repetition rate, the pre-trigger pileup was minimized by the increased dead
time between laser pulses. Additionally, the emission rate of a sample was reduced to <1% of the
Sync rate using ND filters on the excitation beam. Reduction of the sample emission rate via
control of the excitation fluence acted to minimize multi-photon emission and nonlinear pulsepileup effects that distort the time-resolved PL lifetime data.
Verification of lifetime accuracy. To ensure accurate lifetime measurements, a TRPLD
profile of a Rhodamine 6G standard prepared in ethanol (Pharmco-aapr, 200 proof) was acquired
prior to collecting TRPLD profiles of NP samples. An example TRPLD profile of the
Rhodamine 6G solution is plotted in Figure 2-8. The TRPLD profile was truncated at the
maximum rise of the signal and fit to a single exponential with the form, 𝑦 = 𝐴𝑒𝑥𝑝(– 𝑡/),
where A is the amplitude of the exponential, and  is the PL lifetime constant. For Rhodamine
6G, the reported emission lifetime is 3.9 ps.16
The resolution of the system varied depending on the BNC cable length used to delay the
Sync trigger. Therefore, the instrument response of the system was determined using a mixture of
water and soap prepared in a quartz cuvette. The bubbles formed by the soap acted to scatter the
excitation light. The emission monochromator was typically tuned to  5 nm of the excitation
light. An example instrument response is plotted in Figure 2-8 using an excitation energy of 2.76
eV. The instrument response time was determined from the FWHM of signal to be ~230 ps
under these conditions. Most data presented in this dissertation were collected using a timescale
of 350 ns and BNC cable length of 254 ft.
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Figure 2-8. Verification of the TCSPC measurements. TRPLD profile (black circles and lines) of Rhodamine 6G
in ethanol using an excitation energy 2.76 eV and detecting photons emitted at 2.25 eV (552 nm). The TRPLD
profile fit to a single exponential decay (red curve),  = 4.0 ± 0.03 ps. The instrument response of the system (blue
circles and lines, FWHM ~230 ps) was determined from the excitation scatter, 2.76 eV, of soapy water in a quartz
cuvette. Both measurements were recorded with a Sync rate of 2.1 × 103 pulses per second, a time window of
350 ns, and BNC cable length of 254 ft.

Excitation spot-size measurements. The excitation fluence of the fs-pulsed excitation
laser was determined from spot-size measurements and varied by placing ND filters in the beam
path. An example spot-size measurement is provided in Figure 2-9. These measurements were
performed using a razor blade mounted on a translation stage at the spatial center of the sample
cuvette. The razor blade was translated perpendicularly across the laser beam, and individual
power measurements were recorded, typically every 0.02 mm. Each spot-size profile was then fit
to a complementary error function. The  value obtained from the fitting procedure was used to
calculate the FWHM of the beam using,
𝐹𝑊𝐻𝑀 = 2√2ln(2)  ≈ 2.355 .

Eq. 2.3

The excitation fluence utilized in each experiment was calculated using Equations 3 and 4,
𝐹𝑊𝐻𝑀(𝑐𝑚) 2

𝑆𝑝𝑜𝑡 − 𝑆𝑖𝑧𝑒 𝐴𝑟𝑒𝑎 (𝑐𝑚2 ) = 𝜋 (
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2

) .

Eq. 2.4

𝑝𝐽

𝑛𝐽
)
𝑝𝑢𝑙𝑠𝑒
2
𝐴𝑟𝑒𝑎 (𝑐𝑚 )

𝑃𝑢𝑙𝑠𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 (

𝐸𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝐹𝑙𝑢𝑒𝑛𝑐𝑒 (𝑐𝑚2 𝑝𝑢𝑙𝑠𝑒) = 𝑆𝑝𝑜𝑡−𝑆𝑖𝑧𝑒

Eq. 2.5

Figure 2-9. Spot-size measurement and fit of the excitation pulse. Spot-size measurements (black circles)
were recorded as a function of translation distance of a razor blade perpendicular to the excitation beam,
2.76 eV. The profile was fit to a complementary error function (blue curve) to determine the FWHM of the
beam.

From the excitation fluences measured, the average number (N) of charge carrier excited within
a single NP of the ensemble sample were estimated based on available absorption cross section
data using,
𝑁 =

𝐸𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝐹𝑙𝑢𝑒𝑛𝑐𝑒
ℎ𝜈

𝜒exc ,

Eq. 2.6

where χexc is the absorption cross section at the excitation energy. The excitation fluences used in
these TCSPC experiments were typically single to tens of nJ cm–2 pulse–1 resulting in << 1
electron-hole pair per QD (or exciton µm–1 length for QWs). Specific N and χexc values for the
samples investigated in this dissertation are provided within the individual chapters or
corresponding appendices.
Sample preparation and data analysis. Colloidal NP samples were prepared following
the guidelines provided for absorption and PL measurements. Typical emission slit widths of
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3 nm were used for TCSPC measurements. As discussed in Chapter 1, the TRPLD profiles of
ensemble NP samples are typically multiexponential. An example TRPLD profile of CdTe QWs
provided in Figure 2-10.
The TRPLD profile was fit to sum of exponentials using,
𝐶𝑜𝑢𝑛𝑡𝑠(𝑡) = ∑ 𝐴𝑖 𝑒𝑥𝑝

–

𝑡

𝑖

,

Eq. 2.7

where Ai is the amplitude describing the initial contribution of the exponential and i is the
corresponding lifetime constant within the sum of exponentials. From the fit values obtained via
the average lifetime (AVG),
𝜏𝐴𝑉𝐺 =

∑ 𝐴𝑖 2𝑖

Eq. 2.8

∑ 𝐴𝑖 𝑖

and percent contribution,

Contribution (%) =

𝐴𝑖 𝑖
∑ 𝐴𝑖 𝑖

100%

Eq. 2.9

Figure 2-10. Fitting TRPLD profiles using a sum of exponentials. (A) TRPLD profile (black circles) of CdTe QWs
excited at 2.76 eV and detecting photons emitted at the PL maxima of the sample. The profile was truncated at the
signal maximum and the decay was fit to a sum of four exponentials (red curve, Eq. 2.7). (B) Residuals of exponential
fitting.
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The values obtained from individual fits using Eq. 2.7 are provided in the appendices of the
chapters. Additionally, the significance of the AVG and percent contribution values are discussed
in the subsequent chapters for individual samples.

2.5 Transient absorption measurements
Instrumentation. Transient absorption (TA) data were recorded using a commercially
available transient absorption spectrometer (Ultrafast). Femtosecond pump and probe pulses
were produced from a regenerative amplifier (Spectra-Physics, Spitfire). A schematic of the laser
setup is provided in Figure 2-11.
The 532 nm, 5 W output from a continuous-wave (CW) laser (Spectra-Physics,
Millennia) was coupled into a mode-locked Ti:Sapphire tunable laser (Spectra-Physics,
Tsunami) to produce low-energy 800 nm seed pulses (rep. rate of 80 MHz) and the output was
aligned into the Ti:Sapphire regenerative amplifier laser (Spectra-Physics, Spitfire). This system
temporally broadened the pulses using diffraction gratings that acted as dispersion optics, then
the pulses were passed into the Ti:Sapphire cavity. The regenerative amplifier greatly increased
the output energy of the seed pulse. In order to do this, the Ti:Sapphire cavity was pumped via a
527 nm laser (rep. rate of 1 KHz) to induce a population inversion within the Ti:Sapphire crystal.
A broadened seed pulse within the train was then optically-trapped using Pockels cells and ~20
passes of the pulse were made through the cavity.17 With each pass, the pulse was energeticallyamplified via stimulated emission. The pulse was then passed through a retroreflector and series
of diffusion gratings to temporally compress the amplified pulse. The pulsed output of the
Spitfire was 800 nm with a FWHM ~12 nm (rep. rate of 1 KHz) and a typical power of ~2.5 W.
This beam was passed through a series of beam splitters with a portions of the light used to
generate pump (for excitation) and probe pulses.
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Figure 2-11. Schematic diagram of transient absorption laser system.

Probe pulse. A portion of the 800 nm Spitfire output was directed to a motorized
translational delay stage. This delay-line utilized gold-coated reflecting mirrors mounted to a
computer-controlled motorized translational stage. By varying the translational distance of the
stage, the path length of the probe beam was altered. Additionally, external mirrors were oriented
so that the probe beam was double-passed through the delay line. In this manner, the arrival time
of the probe pulses were varied relative to pump at the sample position for a maximum probe
delay of 8 ns. The probe beam was aligned into the Ultrafast TA system and passed through a
sapphire plate. The nonlinear interaction of the 800 nm pulses within the sapphire plate produced
a supercontinuum of white light (420 – 840 nm). The spectral distribution of the probe pulse
intensities as a function of wavelength are provided in Figure 2-12(A). The supercontinuum was
used to probe the broad range of absorptive transitions within the sample(s) spanning the visible
light spectrum. The transmitted probe intensity that passed through the sample was coupled into
an optical fiber and dispersed into a multi-channel spectrometer with a CMOS detector. To
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reduce noise in TA measurements, a beam splitter was placed before the sample position with a
portion of the probe beam passed to a reference detector. These reference intensities were used to
monitor power fluctuations of the laser pulses.
Pump pulse. The excitation pulse was generated from a portion of the Spitfire output
using an optical parametric amplifier (OPA). The OPA generates tunable excitation pulses via
nonlinear frequency conversion. For TA experiments described in this dissertation, excitation
energies of 2.76 eV and 2.26 eV were used. Energetic-tunings of the laser pulses were performed
using fourth harmonic generation of the idler to generate 2.76 (see Figure 2-12(B)) and 2.26 eV
excitation pulses. The pump beam was directed into the Ultrafast system and through an optical
chopper operated at 500 KHz using a series of mirrors. The beam was focused onto the sample
and with the transmitted intensity dumped after the sample.

Figure 2-12. Transient absorption pump and probe spectra. (A) Supercontinuum of probe wavelengths ranging from 420 –
840 nm (2.95 – 1.48 eV). (B) Narrow distribution of pump wavelengths centered at 450 nm (2.76 eV).

A schematic representation of the pump and probe beam alignment at the sample position
is provided in Figure 2-13. The pump and probe beams were spatially overlapped to excite
within the center of sample cuvette. To avoid spatial drifting of the overlapped pump and probe
beams during measurements, the pump beam was focused to  2 times the area of the pump.
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Figure 2-13. Schematic of sample and reference beam alignment in TA pump-probe spectroscopy.

TA Signals. TA measurements utilize a pump-probe spectroscopy method that allows for
quantification of carrier relaxation dynamics within the excited states of semiconductor NPs. The
excitation pump is typically an energetically-narrow femtosecond timescale excitation pulse
(FWHM  10 nm) that promotes an initial population of electrons into the CB and holes into the
VB. The high-energy 2.26 and 2.76 eV excitation used in the TA experiments detailed within
this dissertation promotes electrons and holes deep within their respective bands of the NP.
Following rapid intraband relaxation, the carriers occupy the band edge states prior to interband
relaxation, which occurs via radiative or nonradiative pathways.
TA spectroscopy utilizes differential absorption (Abs) measurements of the probe
supercontinuum. These measurements record transmitted signal intensities that are related to the
excited charge carrier population produced by the pump pulse as a function of probe photon
energies and time. For a single Abs measurement, two probe spectra are collected. With the
pump beam blocked, a transmission spectrum of the probe supercontinuum is recorded after
passing through the sample. This transmission spectrum is referred to as Tpr(E). A second probe
spectrum (Tpu+pr(E)) records the transmission intensities of the probe supercontinuum at a delay
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time (t) after the pump pulse excites the sample. Calculation of the Abs signal for a given probe
photon energy (E) of the supercontinuum is determined by,

𝐴𝑏𝑠(𝐸) = log10 (𝑇

𝑇𝑝𝑟 (𝐸)

𝑝𝑢+𝑝𝑟 (𝐸)

)

Eq. 2.10

using the relationship Abs = –log10(T), Eq. 2.10 is rearranged to show that the transmittance
measurements also monitor absorptive differences of the sample under these two excitation
conditions,

𝐴𝑏𝑠(𝐸) = 𝐴𝑏𝑠𝑝𝑢+𝑝𝑟 (𝐸) – 𝐴𝑏𝑠𝑝𝑟 (𝐸) ,

Eq. 2.11

where Abspu+pr is the absorption probe light after the pump pulse, and Abspr is the absorption of
the sample with the pump blocked.
As stated previously, the pump excitation energies used in the TA experiments of this
dissertation excite carriers deep within their respective bands. The Abs signals recorded
therefore arise from differences caused by an excited-state population of charge carriers
produced by the pump pulse. This can also be referred to as signals arising from depletion of the
ground-state population while measuring Tpu+pr. Note that if the pump pulse was blocked when
measuring Tpu+pr, the intensities of the Tpu+pr and Tpr spectra would be equal, yielding Abs = 0 at
each probe energy.
An example TA spectrum of CdSe QDs acquired at t = 1 ps after excitation at 2.76 eV, is
plotted in Figure 2-14. The differential spectrum (blue) contains features that are categorized by
the sign of their Abs value. At low probe photon energies, ~1.75 eV, a +Abs feature, referred
to as an induced absorption, is measured. From Eq. 2.10, Abs > 0 occur when Tpu+pr(1.75 eV) <
Tpr(1.75 eV) and from Eq. 2.11, Abspu+pr(1.75 eV) > Abspr(1.75 eV). Therefore, induced
absorption signals arise from an increased amount of light that absorbed by the QDs shortly after
the excitation of charge carriers. Additionally, Abs < 0 values, termed bleaches, are measured
near probe energies corresponding to the absorption features of the sample (gray). From Eq. 2.10
and 2.11, bleach signals occur when Tpr+pu(E) > Tpr(E) and Abspu+pr(E) < Abspr(E). The depletion
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of the ground state and occupation of carriers within the valence and conduction bands caused by
the pump pulse decreases the probability of absorbance through a reduced number of charge
carriers for the probe pulse to excite. Bleaches can therefore monitor charge carriers within the
excited states.

Figure 2-14. Spectral and temporal signals observed in transient absorption measurements. The absorption spectrum of CdSe
QDs (gray) are plotted against the transient spectrum (blue) at a time delay, t = 1.0 ps, after excitation at 2.76 eV. Inset: the
transient signal (red) at a probe energy of 1.84 eV (dotted line, main figure) plotted as a function of probe-probe time delay.
The decay profile at this probe energy plots the depopulation from the lowest-energy quantum-confinement state depicted as
recombination of the CB electron and VB hole

Unlike pump-probe spectroscopy methods that use a narrow range of probe energies, the
supercontinuum allows for simultaneous probing of more than one excited state. This type of
spectral data collection allows for the real-time acquisition of carrier relaxation that can be state
dependent. In order to measure the dynamics of carriers through one or many excited states, the
arrival time of the probe is varied relative to the pump pulse to measure time-dependent
𝑇𝑝𝑢+𝑝𝑟 (𝐸, 𝑡) (or 𝐴𝑏𝑠𝑝𝑢+𝑝𝑟 (𝐸, 𝑡)) spectra. As the time delay (t) increases between the pump and
probe pulse, the population of excited charge carriers initially excited by the pump relax via
radiative or nonradiative pathways and the bleach signals, monitoring this population decrease,
see inset Figure 2-14. At the probe energy of 1.84 eV, corresponds to the lowest-energy
quantum-confinement state of the QDs, the relaxation of charge carriers from the band edge
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decrease with t and a decrease in the Abs values as a function of time is observed. The
interpretation of TA signals and decay lifetimes are further discussed for CdTe QWs in Chapters
4 and 5.
Sample preparation and data acquisition. The small volume of the laser beams used in
TA spectroscopy required that the concentration of sample was greater than typical absorption
and PL measurements. To account for these requirements, colloidal NP samples were prepared in
a nitrogen purged glovebox using quartz cuvettes with a pathlength of 0.2 mm. Absorption
spectra of the samples were performed as described in Section 2.1 using sample concentrations
that were <0.2 absorbance at the excitation energy used in the TA experiments. PL and PL
measurements were taken using aliquots from the same batch of NPs in standard 1 cm pathlength
quartz cuvettes with samples typically not exceeding 0.1absorbance in the visible spectrum.
For data acquisition, a magnetic stir bar was added during sample preparation. The
solution was stirred vigorously during TA measurements to prevent sample bleaching and
multiple-excitation events of the same particles. Variable ND filters were used to stabilize the
probe supercontinuum and vary the excitation energies of the pump. Short wave pass filters were
also placed within the pump beam path to prevent residual 800 nm light from exciting the
samples. The excitation fluence of the pump was determined from spot-size measurements, as
described in Section 2.4. The fluences used in TA spectroscopy were on the order of µJ cm–2
pulse–1, and larger than the fluences used in TCSPC measurements. In order to ensure multiparticle relaxation mechanisms (i.e. Auger relaxation) were minimized, decay profiles were
compared as a function of excitation fluence and described in Appendix 3. At each excitation
fluence, 3 – 5 individual measurements acquired and averaged.
Chirp correction. Following data acquisition, the composite datasets were chirpcorrected to account for the temporal differences in arrival times of low- and high-energy
photons within the probe supercontinuum. Chirp or group-velocity dispersion of the
supercontinuum occurs within TA datasets due to changes in the refractive index (n) caused by
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the interaction of the photons with the sample cuvette. The speed (v) of an individual probe
wavelength (probe) is given by, v(probe) = c/n(probe). n(probe) decreases as probe increases,
therefore photons in the probe pulse with longer wavelengths will travel through the medium
with greater speeds. In order to correct the supercontinuum chirp, the optical Kerr effect was
measured using a 0.7 mm quartz coverslip positioned at the sample location. A 2D contour plot
of the raw data acquired from the quartz coverslip is plotted in Figure 2-15(A) using an
excitation energy of 2.76 eV. The interaction of the supercontinuum of light with the high-energy
pump pulse produces strong induced absorption signals that vary in time with probe. Since the
speeds of the longer wavelength photons are greater than those with short wavelengths, the
induced absorption signals of the longest wavelengths occur with at longer t.

Figure 2-15. Determination of temporal chirp and correction of TA datasets. (A) 2D contour plot of a quartz coverslip
detailing the temporal chirp of probe photons. The TA signals due to the optical Kerr effect are prominently detailed with
+Abs values ranging from green to red. The dataset was collected using an excitation 450 nm (2.76 eV) and a power of
~250 mW. (B) 2D contour plot of the chirp-corrected quartz coverslip data in (A). (C) Chirped 2D contour plot for an
ensemble for an CdTe QWs acquired at an excitation energy of 450 nm (2.76 eV) and power of ~10 mW. (D) Chirpcorrected 2D contour plot of the CdTe QW dataset in (C).
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Chirp correction was performed using SufaceXplorer (Ultrafast) software. The chirpcorrected spectrum of the quartz cuvette data is plotted in Figure 2-15(B). The corrected 2D
contour plot alters the apparent arrival time of all probe photons to the same initial time, t = 0 ps.
Characterization of the optical Kerr effect allowed from chirp-correction of the TA data acquired
on NP samples. An example set of 2D contour plots of the raw and chirp-corrected TA datasets
for a sample of CdTe QWs obtained using an excitation energy of 2.76 eV is plotted in Figure 215(C) and Figure 2-15(D).
Data Analysis. Multiexponential fitting of the transient decay profiles required a sum of
exponentials with rise and decay components convoluted with a Gaussian instrument response.
Due to the various timescales of the dynamics as a function of probe photon energy, the fitting
procedure is provided in detail in Chapter 5 and Appendix 3 in relation to the specific dynamics
reported.
The amplitudes and lifetime constants of the decaying exponentials within the convoluted
sum were used to calculate the amplitude weighted AVG given by,

𝐴𝑉𝐺 =

∑ 𝐴𝑖 𝑖
∑ 𝐴𝑖

,

Eq. 2.12

where Ai and i are the amplitude and lifetime constants of the decaying exponentials,
respectively. The percent contribution is given by,
% 𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 =

𝐴𝑖
∑ 𝐴𝑖

Eq. 2.13

The AVG and percent contribution equations used for TA data analyses differ from those
calculated for time-resolved PL measurements, Eq. 2.8 and Eq. 2.9. This distinction arises from
the fact that for TA measurements, the bleach signals are directly related to the population of
carriers within the quantum-confinement states of the NPs at a given time. The maximum
amplitude of the bleach signal at the band edge of a sample, given by a sum of the
multiexponential fit amplitudes, corresponds to the approximate total population of carriers
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excited by the pump pulse. The individual amplitude of the multiexponential fit, therefore,
determine the portion of each decay component that contributes to the overall decay.
For TCSPC measurements, the contribution of the amplitudes obtained from
multiexponential fits of the TRPLD profiles are not amplitude-weighted but rather lifetimeweighted. Since only PL emission, not population is measured, the amplitude associated with the
smallest lifetime constant will dominate the initial rise of the TRPLD profile; as this process
occurs within the shortest amount of time. Therefore, the other amplitudes obtained from the sum
of exponentials will not accurately measure population contributions. Rather, the integrated area
of each decay component yields the sum of PL counts, or emission, that contributes to each
decay within the sum of exponentials; the integrated area of the decay is given by Aii.
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Chapter 3:
Excitation Energy Dependence of
Photoluminescence Quantum Yields in
Semiconductor Nanomaterials of Varying
Geometries
3.1 Introduction
Semiconductor nanoparticles (NPs) have been extensively studied for their abilities to
absorb and emit photons across a tunable range of the electromagnetic spectrum due to quantumconfinement effects.1-6 The photoluminescence (PL) quantum yield (PL) value is a useful metric
for assessing the overall quality of the NPs, optimizing synthetic procedures, and improving
device efficiencies that incorporate NPs. The PL value is the ratio of emission to absorption
events. The absorption of a photon promotes excited charge carriers that ultimately dissipate the
excess excitation energy via radiative or non-radiative mechanisms. In an ideal semiconductor
NP, excited charge carriers relax within the conduction (CB) and valence (VB) bands to the
lowest-energy quantum-confinement state. Due to the large energetic separation between these
bands, the carriers tend to recombine through radiative recombination, and in an ideal
semiconductor NP, where charge carriers recombine solely through the emissive state, the PL
value would be unity.
When electrons and holes are initially prepared directly at the band edge of typical NPs,
the carriers may interact with a variety of non-radiative sources, including surface states,7-10
crystallographic defects,11-13 ligand transfer,14, 15 and environmental quenching.14, 16, 17 The extent
that non-radiative pathways affect the PL of a sample is therefore dependent on the crystalline
quality and surface passivation. In practice, near-unity PL values are rarely obtained for NPs
without extensive surface modifications, such as the incorporation of protective semiconducting
shell materials.18-26
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The absorption of a highly-energetic photon creates charge carriers with energy in excess
of the NP band gap, and this energy must be dissipated prior to reaching the band edge.
Mechanisms for intraband relaxation may include phonon coupling,27-29 nonadiabatic
transitions,30 or Auger-mediated27, 31-33 pathways. Although relaxation to the band edge typically
occurs on the sub-ps to ps timescales in semiconductor NPs, 27, 33-35 fast carrier-trapping
pathways have been proposed to compete with intraband relaxation.21, 36 Since the PL of a NP is
sensitive to all non-radiative processes that occur, the specific energetic states that electrons and
holes are photo-excited to and the total of the non-radiative pathways that the charge carriers
may sample can give rise to an excitation energy dependence (EED) of the PL.
Hoy et al.21 previously reported the EED of CdSe and CdSe/ZnS quantum dots (QDs)
measured in two complimentary ways.21 The first method was the direct measurement of the PL
value at a specific excitation energy, and taking repeated measurements as a function of
excitation energy. The second method quantified the EED by measuring the quantum yield
efficiency (Eff(E)) spectrum. In this method, the ratio of emission to absorptance was
determined by dividing the normalized ratio of the PL excitation spectrum by the absorptance
spectrum, which is referred to in this chapter as the photoluminescence efficiency (PLEff(E))
spectrum. The PLEff(E)spectrum can then be scaled using PL values measured at specific
excitation energies to yield a Eff(E) spectrum for each sample. Hoy et al.21 have reported that
the Eff(E) spectra are in good agreement with individual PL values across a broad range of
excitation energies. An advantage for the method of quantifying the EED via PLEff(E) spectra
was that it allows for rapid data collection in comparison to the meticulous collection of a series
of PL values at many different excitation energies.
For CdSe QDs, Hoy et al.21 reported the observation of an overall decrease in the Eff(E)
spectra with increasing excitation energy as well as local minima within the CdSe QD spectra.
Additionally, the Eff(E) spectra for CdSe/ZnS QDs exhibited a similar decrease with increasing
excitation energy without the observation of local minima. The Kambhampati group measured
efficiency spectra of CdSe QDs that exhibited minimal decrease in the PLEff(E) spectra with
70

increasing excitation energy,37 while other samples of CdSe QDs exhibited a prominent EED.36
These latter results are consistent with additional reports on the EED observed for various QD
systems 15, 36, 38-41 and recent studies of perovskite NPs.36, 42
EED studies have primarily focused on zero-dimensional (0D) QDs, which have a
discrete density of quantum-confinement states. Elongated NPs with increased dimensionality,
such as one-dimensional (1D) quantum wires (QWs) and pseudo-1D quantum platelets (QPs),
have an increased density of states (DOS) due to the elongation of the NPs in at least 1D. These
changes in geometrical dimensions affect the degree of quantum confinement in comparison to
QDs. The resultant DOS in QWs is saw-tooth-like, while the DOS in pseudo-1D QPs is not well
understood but likely lies between the 1D saw-tooth and the 2D step-like distribution.43 The
larger DOS in these nanomaterials may affect the relaxation mechanisms and continua lying
above the quantum-confinement states.

3.2 Samples and methods
In this chapter, the EED of the PL for several types of II-VI semiconductor NPs are
characterized. Specifically, colloidal samples of CdSe QDs (5.7 nm diameter),21 CdSe QPs (~1.8
nm thick, 10 nm width, and ~50 nm in length), CdTe QWs (6.0 nm diameter), and enhanced
CdTe QWs (7.4 and 6.8 nm diameters) were investigated. The work presented in this chapter,
builds on and includes, in part, some data collected by former group member Dr. Jessica Hoy.
The procedure for optical-enhancement of as-synthesized CdTe QWs was performed via the
post-synthetic protocol described in Section 2.1 of Chapter 2.44 Each sample was diluted to
absorption values <0.1 for the majority of excitation energies to reduce the likelihood of reabsorption events. Each PLEff(E) spectrum was calculated using the equation,
𝑃𝐿𝐸𝑓𝑓 (𝐸) =

𝑃𝐿𝐸(𝐸)
(1−𝑇(𝐸))

𝑃𝐿𝐸(𝐸)

= (1−10–𝐴𝑏𝑠(𝐸)) ,

Eq. 3.1

where the absorption of the sample, Abs(E), was converted to transmittance, T(E), and 1 –T(E) is
the absorptance at a given energy (E).36, 37, 45

71

3.3 Results and discussion
The absorption (black), PL (red), and PLEff(E) (blue) spectra of the NPs investigated are
plotted in Figure 3-1. The absorption spectrum of each sample contains features associated with
transitions between quantum-confinement states of the electron in the CB and hole within the
VB. An extinction spectrum was collected for each sample and additional scattering was
removed using the method described in Section 2.3.2 of Chapter 2. The energies of prominent
absorption features were determined using second-derivative analyses, see Figure A1-1 in

Figure 3-1. Absorption, emission, and PLEff(E) data for NPs of varying geometries. Absorption (black), PL (blue), and
PLEff(E) (red) for (A) CdSe QDs (5.7 nm diameter), (B) unbundled CdSe QPs (~1.8 nm thick), (C) CdTe QWs (6.0 nm
diameter) and (D) enhanced CdTe QWs (7.4 nm diameter). Peak energies of quantum-confinement states (dotted lines) were
estimated from the 2nd derivative of the absorption spectra, Section A1.3 in Appendix 1.
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Appendix 1. The quantum-confinement states of the electron and hole associated with the
transitions within each feature are also provided in Figure 3-1. To reduce error in assignment of
the peak energies due to instrumental noise, the absorption and second-derivative spectra were
smoothed using adjacent-point averaging. A minimal number of adjacent-points was selected
when smoothing in order to avoid inaccuracy in the calculation of the PLEff(E) spectra. A
comparison of the experimentally-measured and smoothed spectra are provided for each sample
in Figures A1-2 – A1-5 of Appendix 1 along with the corresponding residuals.
Use of the absorption, and by extension, the absorptance spectrum in the calculation of
the PLEff(E) spectrum, accounts for the relative oscillator strengths of the quantum-confinement
transitions and DOS at each excitation energy. A complication from calculating the PLEff(E)
spectrum in this manner, however, could arise from additional contributions in the absorption
spectra from direct absorption of the organic ligands that passivate the NPs. To avoid these
absorption contributions, we primarily focused on the visible portion of the PLEff(E) spectra
measured at photon energies ≤ 3.1 eV. A comparison of the absorption spectra plotted in Figure
3-1 overlaid with the absorption spectra of the neat passivating ligands is provided in Figure A18 of Appendix 1. Notably, the initial onset of the ligand absorption occurs within the visible
spectrum of photon energies for concentrated samples of the ligands. The relative concentrations
of the ligands passivating the NPs in the colloidal samples, however, are reduced by orders of
magnitude in comparison to the bulk concentrations measured. Therefore, the contributions of
free ligand absorption was negligible within this range of photon energies.21
The PLEff(E) spectra depicts the qualitative radiative efficiency as a function of excitation
energy. Each PLEff(E) spectrum was collected by detecting the emission intensities at the
maximum of the PL profiles in Figure 3-1(B) and Figure 3-1(D). For the CdSe QDs in Figure
3-1(A), and CdTe QWs in Figure 3-1(C), averaged PLEff(E) spectra were calculated using the
procedure also described in Section 2.3.2 of Chapter 2. Additionally, the maximum value
within the PLEff(E) spectrum of each sample was normalized to a value of unity.
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To verify the accuracy of the of the EED of PLEff(E) spectra, a comparison of the PLEff(E)
spectra and PL values measured as a function of excitation energy are provided in Figure A1-9
of Appendix 1. The PLEff(E) and PL values at the excitation energies measured were found to
be in good agreement, consistent with the results reported by Hoy et al.21 Lastly, similar analyses
of the PLEff(E) spectra were performed using second-derivative analyses and smoothing in order
to determine the energetic minima of the spectra for each sample, see Figures A1-2 – A1-5 in
Appendix 1.
The spectral data collected for wurtzite (W) CdSe QDs (~5.7 nm diameter) are plotted in
Figure 3-1(A). The PL spectrum, collected at an excitation energy of 2.36 eV, has a PL
maximum centered at 1.93 eV, a full-width at half maximum (FWHM) of ~118 meV, and a
Stokes shift of ~45 meV. There is an overall decrease in the PLEff(E) spectrum with increasing
excitation energy. An appreciable local minimum in the PLEff(E) is observed at 2.12 eV, lying
energetically between the 1Se — 1S3/2 and 1Pe — 1P3/2 transitions with peak energies at 1.97 eV
and 2.18 eV, respectively. Second-derivative analysis of the PLEff(E) spectrum revealed
additional weak local minima at excitation energies >2.2 eV, see Figure A1-1 and Figure A1-2
in Appendix 1. The presence of local minima within the PLEff(E) spectrum will be discussed
later in this chapter.
The absorption, PL, and PLEff(E) spectra for a sample of W CdSe QPs (~1.8 nm thick) are
plotted in Figure 3-1(B). The narrow thicknesses of these QPs, with respect to the bulk CdSe
exciton Bohr radius, 5.6 nm,46 result in strong quantum-confinement effects in 1D. The large
energetic spacing of the VB hole states and only weak quantum-confinement of in the lateral
dimension yields an absorption spectrum nearly indistinguishable from previously reported
1.8 nm thick W CdSe QBs.47, 48 The absorption spectrum contains two well-resolved transitions,
assigned 1e – 1B and 1e – 1A. The lower-energy 1e – 1B transition occurs at ~2.76 eV and the
higher-energy 1e – 1A transition occurs at ~2.94 eV. The PL profile collected with an excitation
energy of 2.95 eV is Stokes shifted ~20 meV with a PL maximum at ~2.74 eV and a FWHM of
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67 meV. The PLEff(E) spectrum is similar to the PLEff(E) of CdSe QDs in Figure 3-1(A) in that
both spectra exhibit a maximum PL efficiency near the lowest-energy transition and a decrease is
observed between the two lowest-energy features in the absorption spectra. The PLEff(E)
spectrum of the CdSe QPs increases slightly at energies near the 1e – 1A feature and then
decreases with increasing excitation energy.
The spectral data for as-synthesized W CdTe QWs (~6.0 nm diameter) are plotted in
Figure 3-1(C). The ensemble absorption spectrum contains numerous features associated with
transitions between quantum-confinement states in the CB and VB. The absorption features are
labeled using the quantum-confinement states accessed in the CB. These QWs exhibit low
radiative efficiency with PL ~0.2% measured at an excitation energy of 2.99 eV; a value typical
of as-synthesized samples of ensemble QWs.44, 49 Despite the low PL values, the PL profile
contains a single peak with a PL maxima centered at 1.78 eV, and there is a small Stokes shift of
only ~2 meV below the lowest-energy absorption feature (1). The PLEff(E) spectrum remains
approximately the same with increasing excitation energy, although local minima are present
throughout this spectral region. Similar to the data collected for QDs and QPs, a significant local
minimum is observed at ~1.92 eV between the lowest-energy absorption features, 1 and 1Π.
Additional local minima are observed at higher-photon energies centered at ~2.30 and ~2.50 eV.
The optical data measured for a sample of enhanced zinc-blende (ZB)/W CdTe QWs
(~7.4 nm diameter) are plotted in Figure 3 -1(D). The absorption spectrum contains several
resolved features associated with groups of transitions between quantum-confinement states
analogous to those in the absorption spectrum of as-synthesized CdTe QWs in Figure 3-1(C).
The PL spectrum, collected with an excitation energy of 2.27 eV, has a low-energy shoulder,
centered at 1.61 eV. The PL values measured for these enhanced CdTe QWs are over an order
of magnitude greater than typically measured for as-synthesized QW samples.44 Additionally, the
PLEff(E) decreases with increasing energy and no discernable local minima were identified using
the second-derivative analysis, see Figure A1-5 in Appendix 1.
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The PLEff(E) spectra in Figure 3-1 and corresponding PL data in Figure A1-9 of
Appendix 1 reveal two EED trends for these semiconductor NP samples. (1) there is typically an
overall decrease in PL efficiency with increasing excitation energy, and (2) there are often local
minima within the PLEff(E) spectra. With respect to the first trend (1), the additional energy
imparted to carriers excited above the band edge may affect the interband relaxation dynamics
and produce the observed changes in the radiative efficiency as a function of excitation energy. If
the trend observed, arose solely from changes in the band edge dynamics, an increase in or
additional contributions from non-radiative pathways at the band edge would have to occur with
increasing excitation energy. These additional contributions from non-radiative pathways would,
in turn, be observed in the time-resolved PL decay (TRPLD) profiles that measure the timeresolved emission from the band edge. In this case, the dependence of the PL value and the
observed photoluminescence lifetime (PL) at the band edge would be dictated by,50

𝑃𝐿 (%) ∝

𝑃𝐿
𝑟𝑎𝑑

 100 (%) ,

Eq. 3.2

where 𝑟𝑎𝑑 is the radiative lifetime of the NP, and PL is the measured decay constant of the PL.
Additional contributions from non-radiative pathways thereby act to reduce PL in Eq. 3.2 via a
reduction of PL. To investigate this possibility, TRPLD profiles and PL values for various NP
samples were measured as a function of excitation energy. The TRPLDs were recorded detecting
emission at the PL maxima of the samples. Low excitation flueneces were used to minimize the
effects of multi-carrier interactions. The available range of the excitation energies of the laser
system was limited to 1.30 eV – 1.77 eV (950 – 700 nm) or the frequency-doubled output of
2.61 – 3.54 eV (475 – 350 nm). For the CdSe QDs and as-synthesized CdTe QWs samples
investigated, the band edge and majority of quantum-confinement transitions lie energetically
between these excitation ranges, therefore, experiments on these samples use high-energy
photons. The absorption and PL spectra of the samples investigated, along with the
corresponding TRPLDs measured, are provided in Figure A1-10 – Figure A1-13.
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The TRPLDs collected for the various samples are multiexponential, indicating that the
charge carriers excited within each ensemble experience dissimilar environments. Each TRPLD
was fit to a sum of exponentials and from the fit values, an average lifetime (AVG) of each
TRPLD was calculated following the method described in Section 2.4 of Chapter 2. Tables
containing the fit parameters obtained from multiexponential fitting are provided in Section A1.3
of Appendix 1. For QDs, these multiexponential decays may arise from particle-to-particle
inhomogeneity within the ensembles, such as surface passivation or crystalline defects. In
samples of NPs with increased dimensionality (QWs and QPs) non-uniformities in surface
passivation along the elongated dimensions of the NPs can produce additional environments that
lead to multiexponential dynamics.
The PL and AVG values collected for each NP sample are plotted in Figure 3-2. For the
CdSe QDs in Figure 3-2(A), the PL values decreased from 9.2(3) to 4.5(2) % as the excitation
energy is increased from 2.85 to 3.06 eV. The AVG measured across this range of excitation
energies remained nearly constant with a value of ~38 ns. A similar behavior is observed in
Figure 3-2(B) for the CdSe QPs across the energy range of 2.82 to 3.02 eV. The PL values
decreased from 22(1.5) to 13(1)% and the AVG values remained nearly-constant ~9 ns. The PL
and AVG values of as-synthesized CdTe QWs in Figure 3-2(C) were relatively constant across
the energetic range of excitation photon energies investigated. Lastly, the PL and AVG values of
the enhanced CdTe QWs in Figure 3-2(D) were measured at excitation energies ranging from
1.72 to 2.75 eV. Negligible changes in the AVG were observed despite the PL values decreasing
by a factor two over this excitation range.
If the decreases in the PL values, observed for a majority of the samples investigated,
were the result of changes in the band edge dynamics of the samples, then the AVG would
decrease accordingly, as suggested by Eq. 3.2. Note that for the multiexponential decays,

AVG  𝑃𝐿 in Eq. 3.2 and 𝑟𝑎𝑑 is a constant. The near-constant AVG values measured for all
samples indicate the dynamics at the band edge do not depend on excitation energy. Instead the
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Figure 3-2. Comparison of average PL lifetimes and PL quantum yields versus excitation energy. PL (purple, open circles)
and AVG (black squares) values are plotted as a function of excitation energy for (A) CdSe QDs, (B) CdSe QPs, (C) CdTe
QWs, and (D) enhanced CdTe QWs. The TRPLD data, used to calculate AVG, were recorded at various excitation energies
while monitoring emitted photons with an energy corresponding to the maximum PL intensity of each sample.

decreasing PL efficiency with increasing excitation energy observed for a majority of the
samples investigated arises from charge carriers accessing non-radiative pathways during
relaxation to the band edge.
The schematic in Figure 3-3 illustrates how contrasting pathways within the CB can
affect the intraband relaxation of electrons and contribute to the EED trends observed. In general,
these arguments can also be made for holes within the VB (not depicted). The EED trend of
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decreasing efficiency with increasing excitation energy, (1), is illustrated in Figure 3-3(A). Here,
quantum-confinement states within the CB (black horizontal lines) are energetically accessible to
a continuum of electron traps. These potential traps would act to remove the electron from the
CB via nonradiative pathways and decrease the number of electrons that reach the band edge in
the ensemble samples. Excitation of the electron near the band edge (red) results in few
interactions with these potential traps and, the PL value is only slightly-reduced. As the
photoexcitation energy increases (blue and purple), the electron is promoted to higher-energy
quantum-confinement states within the CB. The total number of traps accessible that compete
with intraband relaxation of the electron also increases with excitation energy. Thus, the
probability of an electron to reach the band edge decreases with increasing excitation energy, and
the ensemble PL decreases due to a reduced number of total carriers excited within the
ensemble that will relax to the band edge. This type of carrier trapping is consistent with the
observation that the AVG values remained near-constant while the PL values decreased with

Figure 3-3. Three electron-trapping mechanisms that yield contrasting EED trends. In each panel, excitations at high- (purple),
moderate- (blue), and low- (red) photon energies, indicated as upward arrows, are superimposed on a generic schematic of quantumconfinement states within the CB (gray) of a NP. Intraband relaxation of excited electrons to the lowest-energy CB state are depicted
by downward arrows. The roles of three different types of electron traps that may contribute to the EED and cartoons of the resultant
PL spectra are illustrated to the right of the different panels. (A) A continuum of trap states spanning the entire CB region, (B) a
discrete number of charge-transfer traps that may be sampled during relaxation, and (C) a discrete number of optically-coupled chargetransfer traps that are only accessed during photoexcitation. The PL values at the three different excitation energies are represented as
circles on PL the spectra.
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increasing excitation energy.
A scenario of energetically-discrete traps within the CB is presented in Figure 3-3(B). In
contrast to a continuum of traps states, energetically-localized electron traps would yield an EED
that decreases in a step-like fashion with increasing energy. At the extremes of the excitation
conditions of this scenario, high-energy excitation (purple) yields a greater amount of potential
trapping interactions than when lower-energy excitations are used. As a result, an overall
decrease in the PL of the ensemble is measured. The large energetic spacing of the traps,
however, yields no change in the PL values measured when exciting between these localized
traps. Since this type of trapping produces an overall decrease in the PL values with increasing
energy, it cannot be a source for the local minima observed in the PLEff(E) spectra of Figure 3-1.
Furthermore, a large step-like decreases in the PLEff(E) are not observed experimentally and
therefore discrete nonradiative traps are unlikely to be a source of the measured EED.
A scheme for producing local minima in the PLEff(E) spectra of NPs investigated is
provided in Figure 3-3(C). As we have shown, carrier trapping that occurs during intraband
relaxation cannot produce a local minimum, however, differences in the types of states excited to
are a probable source for local minima. Optically-coupled excitation to additional states open
additional non-radiative pathways to the electron during excitation. For the moderate excitation
condition in Figure 3-3(C), the likelihood of charge transfer outside the CB via the opticallycoupled state increases with respect to the high- and low-energy excitation conditions. In lieu of
additional non-radiative traps that remove electrons during intraband relaxation, the PL values
measured at high- and low-energy excitations will have the same value and that value will be
greater than the one measured using moderate-energy photons. Local minima in the PLEff(E)
spectrum can therefore arise from carrier removal related to the nature of the excited state that
charge carriers are initially promoted to rather than the mechanism of intraband trapping.
The EED analyses performed on different NPs suggests that trapping states exists across
the broad range of the CB or VB energies. For the samples investigated in Figure 3-1, the
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optically-coupled excitations tend to occur at energies where the DOS of the NPs is decreased.
An energetic local minimum within the PLEff(E) spectrum of as-synthesized CdTe QWs in
Figure 3-1(C), however, suggests that local minima can arise at excitation energies that are
resonant with a large DOS; the minimum observed at ~2.52 eV is near-isoenergetic with the peak
energy of an absorption feature. One would expect that if the DOS of the NP solely dictated the
EED, this minimum would not occur.
Additionally, the effects of passivating ligands on the EED are observed by varying the
surface of the NPs. As previously noted, there is a reduction in localized minima of the PLEff(E)
for enhanced CdTe QWs, in Figure 3-1(D). This result is consistent with removal of detrimental
non-radiative pathways on the surface and the results reported by Hoy et al.21 for high PL
samples of CdSe/ZnS QDs. In the latter case, confinement of the electrons and holes in this
Type-I NP was attributed to the effective reduction of local minima in the PLEff(E) spectrum via
reduced interactions of charge carriers with detrimental surface ligands. The similarity of these
results further provide evidence that at least in some instances, minima in the PLEff(E) are likely
associated with optically-coupled surface ligands.
It is important to emphasize that the EED trends reported for the NPs in Figure 3-1 are
not universal for a given type of NP but rather the data presented depict EED trends that can be
observed. Sample preparation, quality of the surface passivation, and handling of the samples can
alter the surface chemistry of the NPs and the EED. To illustrate this point, two PLEff(E) spectra
collected for different samples of W CdSe QDs (~4.1 nm diameter) and enhanced ZB/W CdTe
QWs (~6.8 nm diameter) are plotted in Figure 3-4. The PLEff(E) trends of these samples contrast
the PLEff(E) trends of similar samples in Figure 3-1. The PL profile for the CdSe QDs plotted in
Figure 3-4(A) yields a single peak with a PL value of 1.2(1)% at an excitation energy of 2.76
eV. The PLEff(E) spectrum exhibits minimal EED across a broad range of photon energies,
similar to the trend observed in the CdTe QWs of Figure 3-1(C). This type of trend is consistent
with the PLEff(E) spectra reported for CdSe QDs by the Kambhampati group that did not depict
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Figure 3-4. Absorption, emission, and PLEff(E) data for nanomaterials with differing EED trends. Absorption (black), PL
(blue), and PLEff(E) (red) of (A) W CdSe QDs (~4.1 nm diameter) and (B) enhanced ZB/W CdTe QWs (~6.8 nm diameter).
Peak energies of quantum confinement states (dotted lines) are estimated from the 2nd derivative of the absorption spectra.

an overall decrease within the PLEff(E) spectrum with increasing photon energies but do contain
local minima.7, 37
In Figure 3-4(B), we also report the absorption, PL, and PLEff(E) spectra of enhanced
CdTe QWs. The PL of this sample is high with a peak value of 25(3)% at 2.12 eV. The PL
spectrum reaches a maximum value at ~1.72 eV yielding a Stokes shift of ~30 meV from the
first absorption feature and a PL FWHM value of ~95 meV. Dissimilar to the PLEff(E) spectrum
of enhanced CdTe QWs in Figure 3-1(D), the PL efficiency of this sample significantly
decreases at excitation energies above and below the peak PL efficiency maxima at ~2.17 eV.
These results demonstrate that the PLEff(E) spectra vary from sample-to-sample and trends that
are likely dependent on the surface quality of the NPs within the ensembles.

3.4 Conclusions
In summary, decreases in radiative efficiencies can have a dependence on excitation
energy. Despite the dissimilar DOS of the NPs investigated, EED trends were observed in all of
the samples. In general, the majority of energetically-localized minima in the PLEff(E) spectra
occur at excitation energies that lie energetically between absorption features but this is not
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always the case. We propose here, that these local minima arise from excitation of charge
carriers into optically-coupled states that are resonant with discrete energies of the CB or VB. An
overall decrease in the radiative efficiencies with increasing excitation energy was also observed
for a majority of samples. This EED trend is attributed to nonradiative carrier trapping during
relaxation to the band edge. The time-resolved emission dynamics acquired as a function of
excitation energy further revealed that the band edge emission lifetimes do not vary significantly
with excitation energy. This result contrasts the decrease in PL values observed with increasing
excitation energy over the same energetic range of photon energies. The exact nature of trapped
charges within these samples is, at this time, uncertain. The data presented, however, indicate the
importance of reporting the excitation energy and characterizing the EED of semiconductor NP
samples.
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Chapter 4
Separation of Quantum-state
Renormalization from Charge-carrier
Dynamics in Semiconductor Quantum
Nanoparticles
4.1 Introduction
An absorption event in a semiconductor nanoparticle (NP) generates an electron in the
conduction band (CB) and a hole, or an electron-deficient region, in the valence band (VB). If
the excitation is well above the band-gap energy of the NP, the photogenerated electrons and
holes can relax from one quantum-confinement state to the next until they occupy the lowestenergy states, near the band edge. The rates for relaxation of the carriers can depend on many
factors, including size and dimensionality of the NP, efficiency for coupling to phonons, carriercarrier interactions, ligand coverage, trap densities in the CB and VB, and temperature. As a
result, significant effort has been and continues to be placed on characterizing the timescales of
the intraband relaxation dynamics (IRD) of the charge carriers photogenerated within
semiconductor NPs. One of the most commonly utilized methods for characterizing the IRD in
NPs is transient absorption (TA) spectroscopy. The TA spectra can be complicated due to
overlapping induced-absorption and bleach signals throughout the spectral window probed. The
state-to-state dynamics are typically inferred by fitting the temporal profiles in the TA data
recorded at the band edge or at only a few specific energies where the optical transitions between
the different quantum-confinement states appears to be free from spectral congestion.1-13
Some of the induced-absorption and bleach signals present in the TA data can be
associated with quantum-state renormalization (QSR), which is a consequence of the
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photogeneration of electron-hole pairs in the semiconductor NPs. The promotion of an electron
from the VB to the CB alters the electron-density profile within the NP. Since the energetics of
the quantum-confinement states in a NP are particularly sensitive to the electrostatic and
Coulombic interactions, this photoexcitation perturbs the energies of all of the states, and the
optical transitions probed in the TA experiments are observed to shift in comparison to those of
the unexcited NP. As we will show, QSR can even occur with low carrier densities in quantum
wires (QWs) with large volumes, and QSR gives rise to the Stokes shift of the
photoluminescence (PL) from the band edge absorption. Nevertheless, a detailed characterization
of QSR in semiconductor NPs is lacking, and this is hindering thorough characterization of the
IRD in NPs.
The effects of QSR are different than those of band-gap renormalization (BGR), where
the band-gap energy of a semiconductor, either bulk or nanoscale, shifts to lower energies
because of many-body effects when there is a high density or even a plasma of electron-hole
pairs in a NP.14-22 The magnitude of BGR in NPs depends on the specific semiconductor, the
effective masses of the carriers, the exciton binding energies, the dimensionality of quantum
confinement, and the size of the NPs.19 The BGR in NPs tends to increase with decreasing size,
but it can be dominated by the contributions associated with quantum confinement. The
contributions to many-particle BGR also depend on charge-carrier density; for semiconductor
QWs Coulomb-hole interactions are prominent at lower carrier densities, and screened-exchange
interactions become more significant at higher densities.18 Previous efforts have focused on
characterizing the BGR and its dependence on the specific samples and photoexcitation
conditions.
Herein, we present a simple model for analyzing time-resolved TA data that enables QSR
to be separated from signals associated with the intra- and interband relaxation dynamics of the
photogenerated charge carriers in semiconductor NPs. The transient QSR signals, which appear
as induced-absorption and bleach signals throughout the spectral region of the NPs, are
subtracted from the TA spectra to obtain only the bleach signals associated with carrier
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occupancy, either electron or hole, within the shifted quantum-confinement states. We use TA
data collected from a sample of one-dimensional CdTe QWs to illustrate the QSR model, but the
model is general, and should be useful for analyzing the dynamics in other semiconductor NPs.

4.2 Results and discussion
The colloidal sample of CdTe QWs was synthesized using the solution-liquid-solid
method.23, 24 The mean diameter of the CdTe QWs was measured to be 7.5(9) nm with typical
lengths between 1 and 10 µm, and each QW contained an admixture of wurtzite and zinc blende
crystal domains, see Figure A2-1 in Appendix 2. The CdTe QWs were used without additional
post-synthesis treatment,24 and the PL quantum yield was measured to be only ~0.2%. This
sample is particularly well suited for illustrating the utility of the QSR model because the optical
spectrum contains numerous features spanning much of the visible spectral region. In addition,
the overlapping induced-absorption and bleach signals would make traditional characterization
of the dynamics without accounting for QSR particularly difficult and inaccurate. Calculations of
the quantum-confinement states of the CdTe QWs25 permit the transitions within the observed
spectral features to be tentatively identified. The details of the IRD of the charge carriers within
the CdTe QWs are reported separately in Chapter 5.
The premise for this QSR model is to spectroscopically identify the quantumconfinement states of the unexcited and excited NP sample and the occupancy of the states of the
excited NP with time. Thus, an absorption spectrum of the NP sample is recorded and used in
accounting for QSR of the quantum-confinement states. It is imperative for this model that a
“clean” absorption spectrum of only the NP sample is used or the QSR cannot be properly fit and
accounted for. As a result, particular care must be taken when recording the absorption spectrum
of the NP sample, and two possible contributions to the spectra of the CdTe QW samples were
considered. First, the physical dimensions of each CdTe QW sample were characterized using
TEM and the size distributions were measured. The issue is if a sample contains widely varying
diameter distributions, the quantum-confinement and shifting due to QSR may be
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inhomogeneous, which is beyond the scope of this model. Second, contributions from Rayleigh
scattering in the absorption spectrum were removed. Because of the large volumes of the
individual semiconductor QWs, especially in comparison to those of molecules, and the tendency
for QWs to bundle, steady-state absorption spectra of QWs often contain contributions from
scattering, and are thus more properly referred to as extinction spectra. The extinction spectra of
the CdTe QWs were collected using a commercial spectrometer with a scattering sphere, and the
concentrations were kept low, resulting in absorption values <0.08 throughout the probe spectral
region, to minimize nonlinearities and the tendency for clustering of the QWs. Even then, the
spectra contained small contributions from scattering, as evidenced by a non-zero background
signal that increases with photon energy, Eph, that was measurable below the lowest-energy
feature, the 1 feature for the CdTe QWs, see Figure A2-2 in Appendix 2. In order to remove
this additional scattering contribution, the extinction spectrum at the lowest energies below the
first exciton feature was fit to a –4 dependence, and this dependence was subtracted from the
entire spectrum to obtain the absorption spectrum of the CdTe QWs.
The absorption spectrum of the CdTe QWs suspended in toluene is plotted in
Figure 4-1(A). Four broad features associated with groups of transitions between the quantumconfinement states in the VB and CB are directly identifiable in this spectral window. The
transitions contributing to each absorption feature are proposed through comparison with a
calculated spectrum obtained using the results of density functional theory calculations,
performed in a similar manner as reported previously.25 There is mixing of the quantumconfinement states in the VB that prohibits identification of their quantum numbers. The states in
the CB have larger energy spacings between them, and there is no obvious state mixing. As a
result, the transitions are labeled using only the quantum numbers of the states in the CB
associated with each transition. The calculated transition energies are slightly higher than the
observed absorption features, and they have been shifted by 40 meV to lower energy to better
overlap with the lowest energy, 1, feature centered at 1.710 eV in the absorption spectrum. The
most intense calculated transitions are plotted as sticks in Figure 4-1(A). The calculations
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Figure 4-1. Absorption and transient absorption data of CdTe QWs. (A) Absorption spectrum of CdTe QWs, average
diameter = 7.5(9) nm, suspended in toluene. The quantum-confinement states and dominant absorptive transitions between
them (shown as sticks) were calculated in a similar as reported previously.25 The labels of the states in the CB accessed
within each feature are included. (B) TA spectra recorded at t = 0.4 ps (black), 1.6 ps (red), and 5.0 ps (blue). (C) The
temporal profiles at the three energies indicated with arrows in (B).

indicate there are three different absorptive transitions, all accessing the 1 quantumconfinement state in the CB, that fall within the lowest-energy feature near the band edge,
between 1.70 and 1.75 eV. Analysis of the experimental absorption spectrum suggests there is a
weak feature centered near 1.78 eV that is not predicted by the calculations. This feature is likely
associated with the highest-energy 1 transition calculated, which is a transition between an
energetically excited hole state and the 1 electron state. This absorption feature is identified as
1*. There are at least three transitions predicted to be within the next absorption feature, near
1.9 eV, and these transitions access the 1 state. There are at least two transitions contributing to
the next higher-energy feature, one accessing the 1 and the other the 2 state in the CB. There
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are numerous transitions that access the 1, 2, and 1 states predicted to be within the feature
at ~2.4 eV.
In a typical TA spectroscopy experiment performed on semiconductor NPs suspended in
solution, a pump or excitation pulse with a relatively narrow frequency spectrum centered at Epu
is used to promote electrons from the VB to the CB at well-defined energies. The changes in the
absorption spectrum caused by the excitation is monitored using a second, “white-light” probe
pulse, which has a broad range of energies, E, within its spectral profile. The dynamics of the
charge carriers are monitored by varying the time delay, t, between the pump and probe pulses.
In practice, the TA data, ΔAbsTA(E, t), are differential signals obtained by subtracting the probe
spectrum, Abspr(E, t), collected without photoexcitation, i.e., with the pump pulse blocked, from
the probe spectrum, Abspu+pr(E, t), recorded of the photo-excited sample, i.e., with the pump
pulse also traversing the sample, as a function of t:

𝐴𝑏𝑠𝑇𝐴 (𝐸, 𝑡) = 𝐴𝑏𝑠𝑝𝑢+𝑝𝑟 (𝐸, 𝑡) – 𝐴𝑏𝑠𝑝𝑟 (𝐸, 𝑡) .

Eq. 4.1

TA data were collected for the CdTe QWs in this manner using excitation with ~120 fs
pulses centered at Epu = 2.75 eV, a probe spectrum spanning from ~1.51 to ~3.10 eV, and a
temporal instrument resolution of ~200 fs. A low excitation fluence of 9.7 µJ cm–2 pulse–1 was
used to minimize contributions from multiphoton excitation, carrier-carrier interactions, and nonlinear effects. Experiments were performed using a range of excitation fluences to verify no
signals associated with multiphoton excitation were measurable when using 9.7 µJ cm–2 pulse–1.
The TA data collected for the CdTe QWs contain a few traits that are commonly
observed in TA data for semiconductor NPs. The TA spectra contain positive and negative

AbsTA(E, t) signals, as observed in the spectra recorded at t = 0.4, 1.6, and 5.0 ps plotted in
Figure 4-1(B). The TA spectra recorded at most of the time delays are dominated by bleach
signals, AbsTA(E) < 0, that lie close in energies to the features observed in the steady-state
absorption spectrum, indicated by vertical dashed lines. These bleach signals appear promptly
with an instrument-limited rise time, Figure 4-1(C). The relative amplitudes of these bleach
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signals change at short time delays, and the centers of the bleach signals shift towards higher
energies with time. All of the bleach features, even those associated with transitions accessing
excited quantum-confinement states, e.g., the 1, 1/2, and 1/2 features, are measurable for
timescales out to t ~1 ns, when the IRD are expected to be complete and the carrier populations
should be in the 1 lowest-energy electron and hole states.1, 2, 4-12, 26-40 There are also numerous
induced-absorption signals, AbsTA(E) > 0, that are noticeable to varying amounts at different
time delays. For instance, there is an induced-absorption feature at energies below the band gap,
~1.65 eV, at short times, see the t = 0.4 ps spectrum in Figure 4-1(B). At longer times, this
signal is no longer present, and an induced-absorption feature grows in to just higher energies
than the than the 1 feature, t = 5.0 ps spectrum in Figure 4-1(B). There are also weaker
induced-absorption features at higher energies, ~2.05 and ~2.30 eV, that remain measurable at
long times.
The induced-absorption signals in the TA spectra observed just below the band-gap are
often attributed to BGR,14, 16, 17, 21, 41, 42 Stark shifting of the quantum-confinement states,1, 7, 37, 43,
44

or biexciton states1, 4, 5, 8, 12, 37, 44-49 due to the presence of multiple, interacting electron-hole

pairs within each NP. The extremely short lifetimes of the lowest-energy induced-absorption
signals seem consistent with the role of carrier-carrier interactions and efficient Auger
relaxation,3, 50-52 which will promptly reduce the carrier densities in the NPs and quench these
induced-absorption signals. Additional TA experiments were performed using higher excitation
fluences to identify possible contributions from multi-carrier interactions and dynamics during
the IRD. No changes in the relative amplitudes of the induced-absorption and bleach features
were observed at short times, when carrier-carrier interactions should dominate, when using
excitation fluences <20 µJ cm–2 pulse–1, Figure A2-5 in Appendix 2. Only a slight change in the
shape of the lowest-energy induced-absorption feature was observed in the TA spectra recorded
using a fluence of 57 µJ cm–2 pulse–1, and that change is attributed to contributions from multicarrier interactions or phonon excitation or warming of the sample that occurs during relaxation
of multiple carriers. As a result, none of the signals in the TA data acquired using a fluence of
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9.7 µJ cm–2 pulse–1 are associated with interacting multiple electron-hole pairs, BGR, Stark
shifting, or biexciton states.
The temporal evolution of the bleach and induced-absorption signals are not necessarily
the same, and complicated temporal profiles within the features of the AbsTA(E, t) result, as
illustrated in Figure 4-1(C). The profile recorded at E = 1.85 eV, labeled (i), begins as a bleach
signal with AbsTA(E, t) < 0, but induced-absorption dominates within 1.5 ps and AbsTA(E, t) >
0. The profile at E = 1.90 eV, labeled (ii), remains negative over all times with a growth of the
bleach signal that is limited by the temporal resolution of the measurements and a decay that is
on the order of 1 ps. The profile at E = 1.95 eV, labeled (iii), is similar to (ii) with a slightly
longer bleach growth and faster decay. As will be shown, some of the complicated dynamics
present in the TA data are due to QSR, and the TA data can be significantly simplified by
removing the contributions from QSR so that the IRD of the charge carriers can be identified.
The premise of the QSR model and how QSR contributes to the bleach and inducedabsorption signals in the TA data are summarized in Figure 4-2 using CdTe QWs as an example.
The band diagram illustrated in Figure 4-2(A) (black) contains the, unperturbed quantumconfinement states accessed in a steady-state absorption spectrum, Absss(E), (black spectrum in
Figure 4-2(B), which is the same spectrum included in Figure 4-1(A). The absorption of a
photon with energy Epu that is much greater than the band gap, ~1.7 eV for these CdTe QWs,
generates a highly-excited electron-hole pair, and the quantum-confinement states in the CB and
VB of the CdTe QW experience QSR due to the change in electron density and interactions
within the QW. At this short time, e.g., t  200 fs, the QSR is the largest, and as illustrated in the
purple band diagram, the quantum confinement states in the VB are shifted up to higher energies,
those in the CB are shifted down to lower energies. An initial assumption is made in this model
that all of the confinement states in the CB shift by the same energy, as do those in the VB.
Additional independent shifting of these states will be identified once the carrier occupancy in
the different states are extracted. The illustration in Figure 4-2(A) includes a shift of –30 meV
and +10 meV for the states in the CB and VB, respectively, for this time (purple state diagram).
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Figure 4-2. The QSR model as applied to CdTe QWs. (A) The calculated quantum-confinement states of the unexcited CdTe
QWs that are identified in a steady-state absorption spectrum, black. Due to mixing in the VB, only the states in the CB are
labeled. After photoexcitation (pink arrow) an electron and hole are prepared in highly-excited states, and the change in
interactions causes QSR of the quantum-confinement states in the VB and CB to higher and lower energies (purple). As the
electrons and holes relax with time (cyan), the QSR lessens and the energies of the states shift back towards the unexcited
values. The carriers ultimately reach the lowest exciton states, where QSR is the minimum possible value (red). The electron
and hole recombine from this slightly perturbed system. (B) The dynamic QSR of the quantum-confinement states results in
a shifting of the probe absorption spectra with time in the TA experiments. (C) The contributions in the TA spectra due to
QSR, AbsQSR(E, t), are obtained by subtracting the steady-state absorption spectrum, black spectrum in (B), from the probe
spectra at the different times, purple, cyan, and red.

As a result, all of the optical transitions are shifted by the same amount of energy, ΔEQSR(t), for
instance ΔEQSR(t) = –40 meV as shown, and a shifted induced-absorption spectrum, Abs(E–

EQSR(t)), results (purple spectrum in Figure 4-2(B). After excitation, the electron and hole relax
towards the band edge, most likely with dissimilar rates, and the QSR and ΔEQSR(t) decrease
(cyan states and absorption spectrum shown with ΔEQSR(t) = –17 meV in Figure 4-2(A) and
Figure 4-2(B). Ultimately, after the IRD of the carriers is complete, t  5 ps, the electron and
98

hole are stabilized in the lowest exciton state (red diagram in Figure 4-2(A). The band-gap
energy and all of the optical transitions are still perturbed by QSR (red absorption spectrum
shown with ΔEQSR(t) = –11 meV in Figure 4-2(B), but the value of ΔEQSR(t) remains constant
until the electron and hole either radiatively or nonradiatively recombine.
The changes in the absorption spectra that occur with time after photoexcitation are
precisely what is probed in a TA spectroscopy experiment, and the effects of QSR will have
contributions in the AbsTA(E, t). Examples of QSR contributions, ΔAbsQSR(E, t), for short- (t =
200 fs), intermediate- (t = 1 ps), and long-time (t = 5 ps) delays are plotted in Figure 4-2(C);
these transient spectra were obtained by subtracting the unperturbed Absss(E) spectrum, black in
Figure 4-2(C), from the purple, cyan, and red Abs(E–EQSR(t)) spectra. The shifting of the
absorption spectra because of QSR directly gives rise to induced-absorption and bleach signals in
TA data that spans the full spectral region. This illustration indicates the relative amplitudes of
the features in the ΔAbsQSR(E, t) spectra depend on ΔEQSR(t). The overall amplitude of the

ΔAbsQSR(E, t) signals is proportional to the population of electrons and holes in the NPs, which
we group together as a single coefficient, C(t). Thus, the contributions of QSR to the TA data are
given by
𝛥𝐴𝑏𝑠𝑄𝑆𝑅 (𝐸, 𝑡) = 𝐶(𝑡)[𝐴𝑏𝑠(𝐸 − 𝐸𝑄𝑆𝑅 (𝑡)) − 𝐴𝑏𝑠𝑠𝑠 (𝐸)] .

Eq. 4.2

In practice, the contributions from QSR in a TA spectrum recorded at each t are obtained by
fitting Eq. 4.2 to the TA spectrum, AbsTA(E, t), using C(t) and ΔEQSR(t) as fitting parameters.
It can be challenging to fit and determine C(t) and ΔEQSR(t) over all times. For instance, it
is necessary to avoid the inappropriate fitting of contributions from bleach signals in the TA data
associated with electron or hole occupancy in the different quantum-confinement states. Thus, it
is appropriate to fit the higher-energy region of the TA spectra at long times, since the highenergy states are no longer be occupied at these times. For the CdTe QWs, the energy region and
time windows appropriate for fitting the contributions of QSR were determined by normalizing
the TA spectra to the same Abs value at E = 2.05 eV. In these CdTe QW TA data the relative
amplitudes of the induced-absorption and bleach features in the energy region 1.8 eV  E  2.5
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eV remain the same for 5 ps  t  300 ps, which verifies there are no longer carrier populations
in the states accessed by these transitions. This region of the TA spectrum acquired at t = 35 ps is
included in Figure 4-3(A), black. The ΔAbsQSR(E, t=35 ps) spectrum, gray, was fit to this TA
spectrum, and C(35 ps) = 0.138(4) and ΔEQSR(35 ps) = 13.0(4) meV were obtained. All of the TA
spectra acquired for 5 ps  t  300 ps were fit over the window 1.8 eV  E  2.5 eV with similar
results, and several fits are included in Figure A2-6 of Appendix 2. The C(t) values obtained in
this manner are plotted as blue open circles in Figure 4-3(B).

Figure 4-3. Schematic depicting how the TA data recorded at long time is used to obtain C(t) and ΔEQSR(t) values. (A) The
QSR spectrum, AbsQSR(E, t), (gray) is fit to the TA spectrum (black) recorded at t = 35 ps using C(t) and ΔEQSR(t) as fitting
parameters with values shown. (B) The C(t) factors obtained by fitting the TA spectra recorded for t  5 ps (blue, open
circles) were then used to scale the total carrier population decay profile (black), C(t), over all t. The fitting for t > 300 ps was
performed using a fixed ΔEQSR(t) = 13.0 meV and C(t) as the sole parameter. The inset includes the C(t) function out to
400 ps.

The signal-to-noise levels in the TA spectra at long times, t > 300 ps, across this energy
region have similar qualitative features but are too low for reliable fits using two parameters. The
average energy shift obtained using the QSR model with this sample of CdTe QWs was found to
remain constant, ΔEQSR(t) = 13.0(1.0) meV, for this time window, 5 ps  t  300 ps. As no
obvious changes in the ΔEQSR(t) values are observed at these long times, ΔEQSR(t > 300 ps) was
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fixed to 13.0 meV, and the C(t) values were obtained using C(t) as the sole fitting parameter for
these long times.
At short times, charge carriers may occupy the excited quantum-confinement states, and
this occupancy can give rise to corresponding bleach signals at lower probe photon energies that
overlap with the QSR signals. As a result, the same fitting procedure just described cannot be
utilized for obtaining the contributions of QSR for t < 5 ps. The C(t) values are by definition
proportional to the total population of the photogenerated electrons and holes in the CdTe QWs
at each t. Since the carriers relax to the band edge, the 1 bleach signals at ~1.7 eV in the TA
data at mid- to long times should also be proportional to population. Indeed, the C(t) factors
overlap very well with the scaled 1 bleach TA profile, see Figure A3-8 in Appendix 2. In order
to extrapolate the C(t) factors to shorter times, the 1 bleach was fit to an exponential growth
and a sum of four exponential decays convoluted with a 200 fs Gaussian instrument response
function,
Figure A3-9 in Appendix 2. Only the decay constants, not the rise time constant, obtained were
then convoluted with an instrument-limited rise time to provide C(t) factors that approximated
the populations of the charge carriers over the duration of the TA experiments, black curve in
Figure 4-3(B) and Figure A3-10 of Appendix 2. The ultrafast dynamics that scavenge either the
electrons or holes may be underestimated using this extrapolation method, but these
contributions at t < 5 ps are expected to be a small fraction of the total charge carriers that
contribute to the TA spectra.
The contributions of QSR in the TA data, AbsQSR(E, t), over all times were then
obtained using Eq. 4.2 with the full set of C(t) factors and a fixed ΔEQSR(t) = 13.0 meV. The
occupancy of charge carriers in the different, shifted quantum-confinement states as a function of
time, AbsOcc(E, t), is then just the difference between the QSR and TA spectra:
𝛥𝐴𝑏𝑠𝑂𝑐𝑐 (𝐸, 𝑡) = 𝛥𝐴𝑏𝑠𝑄𝑆𝑅 (𝐸, 𝑡) − 𝛥𝐴𝑏𝑠𝑇𝐴 (𝐸, 𝑡) .
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Eq. 4.3

Examples of the occupancy spectra for the CdTe QWs, AbsOcc(E, t), at t = 130 fs and 35 ps are
included in Figure 4-4. At long times, t = 35 ps, the TA spectrum contains a dominant bleach
near the band edge and small undulations about zero to higher energies, black spectrum in
Figure 4-4(C). Since the higher-energy region was fit to obtain the C(t) and ΔEQSR(t) parameters,
the AbsQSR(E, t) spectrum, gray, is nearly the same as the TA spectrum. The occupation
spectrum, AbsOcc(E, t), Figure 4-4(D), obtained by subtracting the two spectra in

Figure 4-4. Obtaining occupation spectra from transient absorption data using the QSR model. The TA (black) and QSR
(gray) spectra of the CdTe QWs obtained for t =130 fs and 35 ps are plotted in (A) and (C). The differential spectra
associated with the occupancy of the shifted quantum-confinement states, AbsOcc(t), at t = 130 fs and 35 ps are obtained by
taking the difference of the QSR and TA spectra, and are plotted in (B) and (D).
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Figure 4-4(C), reveals the carriers are indeed predominantly in the lowest-energy states, near the
band gap.
At shorter times, for instance right after excitation, t = 130 fs, the TA spectrum is
complicated, black spectrum in Figure 4-4(A), and it is even more difficult to decipher what
states contain carriers and what are the dynamics of those carriers. The QSR and TA spectra at
this time are dissimilar with local minima and maxima observed at different energies, Figure 44(A). The AbsOcc(E, t) spectrum, however, clearly reveals there are carriers occupying nearly all
of the states that are energetically accessible at short times. The AbsOcc(E, t) spectra that
indicate the occupation of either electrons or holes in the different quantum-confinement states at
all times are obtained in a similar manner.

Figure 4-5. Comparison of raw TA data and occupancy spectra obtained by correcting for QSR for CdTe QWs. (A) The raw
TA data contain overlapping induced-absorption and bleach signals that result in changes in peak positions with time and
complicated dynamics. (B) The occupancy spectra extracted using the QSR model reveal the IRD of the charge carriers with
time. (C) An expanded and rescaled view of the occupancy spectrum in (B) to reveal the dynamics in the higher-energy
quantum-confinement states. The arrows above each panel indicate the energies of the features present in the steady-state
absorption spectrum.
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Ultimately, the dynamics of photogenerated electrons and holes, as they relax to the band
edge and then recombine, as well as the dynamics and energetics of the QSR of the different
quantum-confinement states are important to investigate and characterize from chemical physics
and nanomaterials perspectives. Comparison of the two-dimensional (2D) plots of the TA and
occupancy data recorded for the CdTe QWs using excitation at 2.75 eV, Figure 4-5, emphasizes
how the QSR model permits the intraband relaxation dynamics to be extracted from the TA data.
As illustrated in Figure 4-1 and Figure 4-5(A), the TA data are complicated by overlapping
signals, and the features shift dramatically with time. Furthermore, the differential absorption
signals at some energies even switch from bleaches (Abs < 0, green to blue) to induced
(Abs > 0, orange to red) with time. In contrast, the AbsOcc(E, t) data, Figure 4-5(B) and
Figure 4-5(C), are much easier to interpret. The higher-energy features associated with excited
quantum-confinement states appear and decay away faster than the lower-energy features. This
may be consistent with the relaxation of the carriers from one state to the next until they reach
the band edge. The carriers in the lowest-energy 1 states are then long-lived with lifetimes
approaching a nanosecond. A detailed analysis of the dynamics of the carriers is provided in
Chapter 5.
The implementation of the QSR model on the CdTe QW TA data revealed there is an
energetic shift of the higher-energy spectral features by EQSR(t) = 13.0(1.0) meV at long time
delays after the carriers relaxed to the 1 states at the band edge. There is no a priori reasoning
or justification for the different quantum-confinement states to have uniform QSR, and varying
energetic shifting were revealed in the AbsOcc(E, t) data. The features in the occupancy spectra
do shift, especially at short time delays, Figure 4-5(B) and Figure 4-5(C). The apparent peak
energies for each of the features in the AbsOcc(E, t) are plotted with the peak energies of the
bleach features in the AbsTA(E, t) for comparison, in Figure 4-6(A). The energies of the
corresponding features in the steady-state absorption spectrum are plotted as vertical dashed lines
for comparison. The QSR shifts all of the states to lower energies with the largest shifts, up to
75 meV for the 1/2 feature, measured at the shortest times, during the excitation pulse,
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Figure 4-6. TA and occupation spectra peak energies. (A) Energies of the bleach features present in the TA spectra (filled
symbols) and in the occupancy spectra (open symbols) as a function of time. The dashed lines are the energies of the features
in the steady-state absorption spectrum. (B) The relative energies between the bleach and occupancy features plotted versus
time. The differences result from not separating contributions from QSR.

–400 fs  t  200 fs. These large shifts are not associated with the presence of multiple electronhole pairs as the energies of the features remained the same for excitation fluences up to 57 µJ
cm–2 pulse–1. It is also important to emphasize that the centers of the features in the TA spectra
tend to shift to the opposite direction, towards higher transition energies than the steady-state
features, and the magnitudes of the shifts are less than in the occupancy data. The differences
between the peaks in the occupancy and TA spectra are plotted versus time in Figure 4-6(B).
The energetic differences between the spectral data vary dramatically with time with a general
trend of being closer to each other in energy shortly after photoexcitation and further apart at
later times. Widely contrasting and incorrect interactions could be interpreted if the TA spectra
alone were considered when attempting to characterize the optoelectronic properties of these
CdTe QWs.
The QSR in semiconductor NPs shifts the quantum-confinement states to lower energies
upon photoexcitation. The different states shift by different amounts while the carriers relax to
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Figure 4-7. Comparison of 1′ occupation signal to the PL profile of CdTe QWs. Normalized absorption (black), PL (red),
and occupancy, or AbsOcc(E, t), measured at t = 35 ps (blue) spectra. The lowest-energy feature, 1, in the AbsOcc(E, t)
spectrum is at the same energy as the maximum of the PL spectrum, and both are Stokes shifted by ~20 meV from the 1
absorption feature. This Stokes shift results from QSR after the electrons and holes have relaxed to the lowest-energy
quantum-confinement states. A shoulder in the AbsOcc(E, t) spectrum is attributed to the 1* transition due to the bleaching
of the transition between a higher-energy hole state and the lowest electron state, which is populated at long times. The 1*
transition is shifted by ~22 meV from the 1* feature in the absorption spectrum.

the band edge states; after they reach these states the energetic shift of each state remains
constant. The data in Figure 4-6(A) indicate the lowest energy 1 feature is shifted by ~20 meV
at long times. The AbsOcc(E, t) occupancy spectrum and the steady-state absorption spectrum
are plotted as blue and black, respectively, in Figure 4-7 to emphasize the amount of this shift.
For clarity, we label the shifted features with primes, thus the lowest energy feature in the
photoexcited CdTe QWs is the 1. Radiative recombination of electron/hole pairs occurs from
these occupied 1 states. As a result, the PL spectrum should be centered at the energy of the
1 feature. The PL spectrum is superposed on the occupancy spectrum in Figure 4-7. The
energy of the peak of the PL spectrum is precisely the same as the 1 feature in the

AbsOcc(E, t) occupancy spectrum. Thus, the Stokes shift of the PL spectrum from the lowestenergy feature in the absorption spectrum in these CdTe QWs are attributed to QSR, especially at
the low excitation fluences used in these experiments, and not to BGR,14, 16, 17, 21, 41, 42 Stark
shifting of the quantum-confinement states,1, 7, 37, 43, 44 or the stabilization of biexcitons.1, 4, 5, 8, 12,
37, 44-49
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4.3 Conclusions
The QSR model presented here is associated with the energetic shifting of the quantumconfinement states in NPs that results from photoexcitation and the change in the electronic
interactions with the promotion of an electron to the CB and the formation of a hole in the VB.
This simple model uses the steady-state absorption spectrum of the sample to quantify the
contributions from QSR that are present in a TA spectrum. Once the QSR contributions are
identified and subtracted from the TA data, occupancy data are obtained that indicate those
transitions that are bleached due to either electron or hole occupation in the quantumconfinement states. The occupancy data enable the energetics of the quantum-confinement states
that vary with time and the kinetics of the electrons and holes relaxing through these states can
be measured and characterized. The QSR of the lowest-energy states also contributes to the
Stokes shift of the PL from the lowest-energy absorption feature. This QSR model is not limited
to CdTe QWs, and it should be a general phenomenon in NPs and large clusters, and perhaps in
carbon nanotubes.
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Chapter 5:
Intra- and Interband Relaxation Dynamics of
Charge Carriers within CdTe Quantum
Wires
5.1 Introduction
In photovoltaic (PV) devices it would be ideal that for every photon absorbed, at least one
electron and one hole could be collected separately as current, with little or no loss of energy
within the system. PV devices that incorporate semiconductor nanoparticles (NPs) as the
absorbing medium offer the advantages of large absorption cross sections and tunability of
absorbance through size control of the semiconductor and resultant quantum-confinement.1 An
absorption event in a semiconductor NP promotes an electron to the conduction band (CB) and
generates a hole (or an electron-deficient region) in the valence band (VB). These
photogenerated electrons and holes relax through the manifold of CB and VB states until they
occupy the lowest-energy states, near the band gap of the NP. The coupling with phonons,
which results in the heating of the semiconductor, lessens the need for the carriers to make
distinct energetic hops from one state to the next lower-energy state. Since the energy spacings
between the quantum-confinement states can be large, especially in the CB of semiconductor
quantum dots (QDs), the imperfect coupling with numerous phonons is necessary and a
“phonon bottle neck”2-7 may result. The efficiency of the charge-carrier cooling via phonon
coupling, especially of the electron, is correspondingly not as efficient in QDs.5-9 Instead, the
electrons preferentially relax through an Auger mechanism, where the quantum-confinement
kinetic energy of the electron transfers to the hole, further exciting it in the VB.10 This Auger
energy transfer can also result in heating of the NP and a large reduction of carrier cooling rates
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when high excitation fluences are used and multiple electron-hole pairs are generated within
each NP.11
During the intraband relaxation dynamics (IRD) of the charge carriers the specific
properties of the surfaces have prominent roles as surface ligand, dangling bonds, and possible
shell materials can alter the energetics of the semiconductor or open carrier relaxation pathways
external to the semiconductor.12-25 These competing pathways lead to an excitation-energy
dependence to the photoluminescence quantum yields of the NPs as the efficiency of the
photogenerated charge carriers relaxing to the band edge is not unity, as described in
Chapter 3.26-32
The relaxation dynamics of photogenerated charge carriers that occur within
semiconductor NPs are commonly characterized using transient absorption (TA) spectroscopy by
analyzing the temporal profiles at the specific energies corresponding to transitions of the
quantum-confinement state of interest.5, 6, 10, 21, 33-44 Analyses of the TA data via this method,
however, are complicated by overlapping transient signals. In Chapter 4, we demonstrated that
overlapping induced-absorption (+Abs) and bleach (–Abs) signals within the TA data give rise
to complicated transients as well as an energetic shifting of the spectral features in time. This
energetic shifting of the quantum-confinement transition energies is attributed to a change in the
electron density within the NPs caused by the photogeneration of electron-hole pairs, an effect
termed quantum-state renormalization (QSR).
In this chapter, we investigate the intra- and interband charge carrier relaxation dynamics
within an ensemble of CdTe QWs suspended in solution using TA spectroscopy. The densities of
states associated with one-dimensional (1D) quantum wires (QWs) contain continua associated
with kinetic energy motion of the carriers along the unconfined dimension(s). The IRD in these
QWs are likely different than those in highly-studied QDs as discrete jumps between the
quantum-confinement states are not strictly necessary. Since total momentum must be conserved,
there are likely different constraints that exist for the relaxation of the carriers in QWs than in
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QDs. We employ the previously described QSR fitting procedure to analyze our TA data and to
separate these overlapping signals. From the data fitting, we obtain the carrier occupancy within
the quantum-confinement states and monitor the charge-carrier dynamics as a function of time.
The TA measurements were performed using different excitation energies to test our state
assignments within the absorption spectra and to compare the charge-carrier dynamics measured.
Experiments were also performed using multiple excitation fluences to rule out contributions
from multicarrier interactions.

5.2 Experimental details and results
5.2.1 CdTe QWs
The CdTe QWs investigated were determined to have an average diameter of 7.5(9) nm
and lengths of 1-10 µm. Low- and high-resolution TEM images of these QWs are included in
Figure A3-1 of Appendix 3. From analyses of the high-resolution TEM images, the QWs were
determined to have mixed crystallographic structure with alternating zinc blende (ZB, 41(11)%)
and wurtzite (W, 59(11)%) crystal domains.

5.2.2 Steady-state optical spectroscopy
The ensemble absorption spectrum for the 7.5 nm diameter CdTe QWs dispersed in dried
toluene is plotted in Figure 5-1(A). The absorption spectrum was obtained from the extinction
spectrum of the CdTe QWs by removing the scattering contribution as described in Chapter 4
and plotted in Figure A3-2 of Appendix 3. Simple inspection suggests there are at least five
features within this region of the absorption spectrum. The peak energies of the absorption
features were determined using a second-derivative analysis of the absorption spectrum, see
Figure A3-3 in Appendix 3, and a list of peak energies is provided in Table A3-1. This analysis
revealed there is a sixth, weak absorption feature at ~1.78 eV.
The PL spectrum of the ensemble CdTe QWs, Figure A2-3 of Appendix 2 was collected
with an excitation energy (Eexc) of 2.75 eV. The maximum intensity of the PL spectrum is
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Figure 5-1. Excitation spectra and energy level diagram of 7.5 nm CdTe quantum wires. (A) absorption spectrum (black) and
prominent transitions (colored lines) labeled with the indices of the quantum-confinement states of the electrons and holes in
the conduction band (CB) and valence band (VB) using the notation [CB#,VB#]. There are multiple transitions within each
feature, but these tend to access common states in the CB, and are thus labeled and grouped together based on the CB states,
1 (black), 1 (red), 1Δ/2 (green), and 1/2/1 (blue). The feature at ~2.64 eV is identified as the 1-VB–1 (magenta).
The second-derivative analysis of the spectrum reveals there is a weaker feature at 1.77 eV, and we associate it with an
excited hole state to the lowest-energy electron state, and we identify it with the 1* label. (B) the prominent transitions are
illustrated on the calculated quantum-confinement states. (C) transient absorption spectra at time delays of 0.4 ps (black), 1.6
ps (red), and 5.0 ps (blue) after excitation at 2.75 eV with a fluence of 9.7J cm–2 pulse–1.

centered at ~1.69 eV with a full-width at half-maximum (FWHM) of ~83 meV and a Stokes shift
of ~20 meV from the band edge. Typical of as-synthesized CdTe QW samples, this ensemble
sample of CdTe QWs exhibited a low photoluminescence quantum yield (PL) of ~0.2% for
Eexc = 2.75 eV. The low PL of the sample indicates that the vast majority of photogenerated
charge carriers relax via nonradiative pathways either during intraband relaxation within the CB
and VB or at the band edge.

5.2.3 Quantum-confinement states and transitions
Our collaborator, Professor Joshua Schrier at Fordham University, calculated the
quantum-confinement states in the VB and CB of the CdTe QWs and the transition energies and
strengths between them to help us identify the transitions within the absorption features and to
aid in interpreting the measured charge-carrier dynamics. The quantum-confinement states and
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energies were calculated using local density approximation with band-corrected pseudopotential
(LDA+C) density function theory for 7.3 nm diameter CdTe QWs. The calculations neglect
contributions from electron-hole interactions and the presence of the ZB and W crystal phases
within the QWs.45 The transition energies between the quantum-confinement states are included
in Figure 5-1(A) with the magnitude of each line being proportional to transition strength. The
energies of the electron and hole states, the transition energies between them, and the transition
strengths of the strongest lines are listed in Table A3-2 of Appendix 3. These calculated
transitions were shifted by 40 meV to lower energy in order to align with the lowest-energy
feature in the experimental absorption spectrum. Transitions that contribute ≥ 10% of the
strongest transition are included, and the indices of the electron and hole quantum-confinement
states are listed above each line using the notation [CB#,VB#].
The energy-state diagram in Figure 5-1(B) includes the prominent transitions and the
states involved. In general, the calculations indicate the spacings between the features are largely
dictated by the energies of the quantum-confinement states in the CB, and the breadths of the
features result from the number of mixed states in the VB that can be excited to each state in the
CB. It is the mixed nature of the quantum-confinement states in the VB that gives rise to so
many transitions, and the groupings of the transitions.45 Consequently, we label each feature with
the quantum-confinement states in the CB that are accessed by transitions that lie within it. It is
particularly noteworthy that the transition involving the hole quantum-confinement state closest
in energy to the top of the VB is the [2/3,1] line, and it falls within the 1 absorption feature. In
contrast, the lowest-energy electron state in the CB, 1e, is accessed by numerous transitions.
Based on the energetic ordering of the transitions, we associate the [1,2/3], [1,4], and weaker
[1,5/6] lines with the 1 feature, and the [1,9/10] line with the weak 1* absorption feature at
slightly higher energies that was identified in the second-derivative analysis. Lastly, the
absorption feature at ~2.64 eV contains overlapping contributions. This feature is energetically
separated from the band edge transitions by ~0.94 eV. This value is approximately the energetic
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difference between the VB (8) and the VB–1 (7) of bulk CdTe,46 ~0.9 eV, and we assign it
accordingly to 1-VB–1 transitions. It is also likely that there are numerous transitions between
highly excited states in the CB and VB in this spectral region that may be associated with higherenergy states such as 1Η, 2Δ, and 1Ι.

5.2.4 Transient absorption spectroscopy
TA experiments were performed on the CdTe QWs suspended in dry toluene using
Eexc = 2.75 and 2.26 eV in order to excite electrons and holes into different CB and VB states and
monitor possible differences in the dynamics of the electrons and holes. Excitation fluences were
kept low in most experiments, 9.7 J cm–2 pulse–1 (Eexc = 2.75 eV) and 11.3 J cm–2 pulse–1
(Eexc = 2.26 eV), in order to minimize the average number of carriers excited (N) in the QWs.
The procedure for estimating N from spot-size measurements of the excitation laser is provided
in Chapter 2 and detailed for Eexc = 2.26 eV in Section A3.2 of Appendix 3. N values of
74 excitons µm–1 pulse–1 (Eexc = 2.75 eV) and 63 excitons µm–1 pulse–1 (Eexc = 2.26 eV) were
estimated for these fluences based on reported absorption cross section values for CdTe QWs.47
Given these N values are >>1, additional TA experiments were performed using Eexc = 2.75 eV
with fluences associated with up to 442 excitons µm–1 pulse–1 (57.4 J cm–2 pulse–1) to probe for
differences that may occur due to carrier-carrier interactions. Comparison of these profiles are
provided in Figure A3-5 of Appendix 3. Differences were only observed at an excitation
fluence of 57.4 J cm–2 pulse–1 indicating that at the lowest excitation fluences, the contributions
of multi-carrier interactions were minimal. For this reason, we focus our analyses in this chapter
on the TA datasets collected using excitation fluences <12 J cm–2 pulse–1.
The TA spectra acquired at different time delays with Eexc = 2.75 eV and a fluence of
9.7µJ cm–-2 pulse–1 are plotted in Figure 5-1(C).The spectra are complicated with inducedabsorption (+Abs) and bleach (–Abs) signals spanning this spectral region. Cursory inspection
of these spectra reveal several generalizations. (1) The intensities of the bleach signals in the
probe spectrum between ~1.9 and 2.5 eV appear promptly and decrease rapidly. (2) The bleach
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signals near the energies of the 1, 1*, and 1-VB–1 absorption features are long-lived. (3) The
peak energies of all of the bleach features appear to shift energetically with time (t), especially at
shorter times, making straight-forward analyses of the TA data unfeasible, thereby prohibiting
accurate characterization of the true dynamics of the excited charge carriers.
Analyses of the charge-carrier dynamics could be further complicated by more than one
transition being resonant in energy with each Eexc. These resonant transitions promote charge
carriers into energetically different CB and VB states that may complicate the measured
dynamics. The transitions associated with both excitation energies are schematically depicted in
Figure 5-2. The assignment of the 1-VB–1 transition implies that for Eexc > 2.64 eV, transitions
may excite electrons to quantum-confinement states energetically near the band edge of the CB
and form holes within the VB–1 band. This excitation is in addition to the transition that
promotes electrons to high-lying quantum confinement states within the CB. Likely to the 1e
(CB12/13) state, and forms holes in states within the VB. Due to theses potential complications,

Figure 5-2. Schematic representation of approximate hole and electron states initially accessed when using Eexc = 2.75 and
Eexc = 2.26 eV. Eexc = 2.75 eV may excite carriers via two contrasting transitions (black arrows). The primary transition
promotes electrons into the 1e or CB12/13 state forming a hole within an excited state in the VB. The second transition
promotes electrons to the 1 and 1Π states forming holes in a low-lying quantum confinement state in the VB–1 band.
Eexc = 2.26 eV produces a single transition (purple arrow) that promotes an electron to the 1 or CB7 state forming a hole
within lower-lying state within the VB.
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additional TA measurements were performed with Eexc = 2.26 eV in order to minimize the
number of electron and hole states initially populated. Excitation with Eexc = 2.26 eV promotes
electrons to the 1 (CB7) state and forms holes in states closer to the band edge of the VB.

5.2.5 Quantum-state renormalization
The QSR fitting procedure presented in Chapter 4 was used on the CdTe QW TA
spectra collected using Eexc = 2.75 eV to separate the overlapping induced-absorption and bleach
signals associated with QSR from occupancy signals of excited charge carriers within the
different quantum-confinement states. As discussed in Chapter 4, this fitting procedure yields
population values C(t) and a universal QSR shift, ΔEQSR(t) = 13(1) meV, which permit the
contributions from QSR, AbsQSR(E, t), to be identified. The difference between the

AbsQSR(E, t) spectrum and the TA spectrum, AbsTA(E, t), at each time increment yields the
occupancy spectra, AbsOcc(E, t). In this chapter, we use the integrated areas of the features in
the AbsOcc(E, t) spectra to track the dynamics of the charge carriers as they relax after
photoexcitation. An example QSR spectrum, AbsQSR(E, 35 ps), obtained from the TA spectrum,

AbsTA(E, 35 ps), is plotted in Figure 5-3(A). The occupancy spectrum for t = 35 ps, as well as
those obtained for t = 0.6 and 1.4 ps are included in Figure 5-3(B), and the data set for all t  4
ps is included in the 2D contour plot in Figure 5-3(C). As the occupancy spectra contain features
associated with population of the carriers in the QSR-shifted quantum-confinement states, we
label the shifted features with primes, e.g., 1, 1*, 1, 1/2, etc.
The TA data collected with Eexc = 2.26 eV and a fluence of 11.3 J cm–2 pulse–1 were fit
using the QSR model in a similar manner. A universal QSR shift of ΔEQSR(t) = 12(2) meV was
determined, which is nearly the same as obtained for the Eexc = 2.75 eV data set. Additional
details for these data and fitting are provided in Section A3.3 and Figure A3-6 of Appendix 3.
Although the timescales for the changes in the occupancies within the features are a bit different
between the two data sets, similar general trends are observed.
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Figure 5-3. QSR, TA, and occupancy spectra for excitation with 2.75 eV and a fluence of 9.7 J cm–2 pulse–1. (A) the TA
spectrum at t = 35 ps, AbsTA(E, 35 ps), (magenta) overlaid with the QSR spectrum, AbsQSR(E, 35 ps), (gray) obtained by
fitting a portion of the AbsTA(E, t) spectrum (inset). (B) The occupancy spectra, AbsOcc(E, t), obtained for three time delays
are plotted with the features labeled. (C) 2D contour plot of the AbsOcc(E, t) spectra for t ≤ 4 ps.

The AbsOcc(E, t) spectra plotted in Figure 5-3 indicate several key results. (1) Carriers
are occupying all of the quantum-confinement states at short times. (2) The relaxation of the
carriers from higher-lying to lower-lying states is observed as most of the occupancy features at
higher energies decay faster than those at lower energies; the behavior of the 1-VB–1 feature
is the exception. (3) For t  4 ps, the only features with occupancy are the 1, 1*, and the
higher-energy 1-VB–1 features. (4) Although a universal QSR shift of ΔEQSR(t) = 13(1) meV
was determined in the fitting, the occupancy features do shift by additional amounts, especially
at short times.
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5.2.6 Quantification of carrier occupancies and dynamics
The charge carrier occupancies within the different quantum-confinement states were
quantified by fitting all of the AbsOcc(E, t) spectra to a sum of Gaussian peaks using the
amplitudes, center energies, and peak widths as variables. Several examples of fits are included
in Figure A3-7(A) and Figure A3-8 of Appendix 3 for Eexc = 2.75, respectively. The integrated
areas of the Gaussian peaks are proportional to the occupancy of charge carriers in the quantumconfinement states accessed by transitions within that feature. A plot of the integrated areas
versus time for each peak yields the temporal profile of the carrier occupancy in those states, as
shown in Figure 5-4 for the data collected with Eexc = 2.26 and 2.75 eV. There is a general trend
of faster growths and decays of the occupancies for those features at higher energies than those at
lower energies, and this is generally consistent with relaxation through the different quantumconfinement states to the band edge. The rise times of the profiles obtained with Eexc = 2.26 eV
are notably shorter than those obtained with Eexc = 2.75 eV. This trend is expected as the smaller
photon energies prepare the electrons and holes closer in energy to the band edge and to
quantum-confinement states associated with these features.
For more quantitative comparisons of the carrier dynamics, each occupancy temporal
profile was fit to a sum of exponential rises and decays convoluted with a 200-fs Gaussian
instrument response function. A sum of a single rise and decay was used to fit the higher-energy
1, 1/2, and 1′/2Π′/1′profiles, and the lower-energy 1′ and 1*′ profiles were each fit
to a sum with two rises and four decay components. Due to the low signal-to-noise levels of the
weak 1′/2Π′/1′ profile acquired with Eexc = 2.26 eV, purple circles in Figure 5-4(A), a vertical
offset parameter was also needed to achieve a reasonable fit. It was also not possible to
satisfactorily fit the 1*′ peak in the AbsOcc(E, t) spectrum acquired with Eexc = 2.75 eV for
t < 0.6 ps, black, open circles in Figure 5-4(D). As a result, the fit of this 1*′ profile was
undertaken with a gap in the points, and using only a single rise and four decay components. A
description of the fitting procedure and tables of all of the parameters obtained are included in
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Figure 5-4. Occupancies in terms of the normalized integrated areas of each feature in the AbsOcc(E, t) spectra plotted
versus time. The occupancy profiles for the quantum-confinement states (A) 1/2/1, (B) 1Δ/2, (C) 1, (D) 1*,
and (E) 1 obtained for Eexc = 2.75 eV and 2.26 eV are shown as black open and purple filled points, respectively. Each
occupancy profile was fit to a sum of exponential rises and decays (lines). An additional vertical offset was required to
adequately fit the 1/2/1 profile acquired in Eexc = 2.26 eV in (A). The signal-to-noise of the 1* feature acquired with
Eexc = 2.75 eV plotted in (D) prohibited reliable fits and occupancies to be obtained for short times, and the profile (dotted
line) was estimated using the available data.
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Table 5-1: Lifetimes obtained from fitting the occupancy profiles
Eexc = 2.26 eV

Eexc = 2.75 eV

Quantum
States

r (ps)

d (ps)

r (ps)

d (ps)

1

0.66(1) †

249(2)

1.10(2) †

232(6 )

1*

0.63(3) †

250(20)

1.3(3) ‡

230(30)

1

IRF

0.60(5)

0.50(2)

0.65(2)

1Δ/2

IRF

0.47(8)

0.29(1)

0.62(2)

1/2/1

IRF ♯

0.54(4) ♯

IRF

1.03(6)

 – values represent average lifetimes

† – represents a single component although there was a shorter component within the IRF = 200 fs
‡ – only points for t > 0.60 ps were available for fitting
♯ – included a vertical offset in the fitting

Section A3.5 of Appendix 3. The average lifetimes for the rise and decay components of the
occupancy profiles are included in Table 5-1.
The exponential fitting reveals that the exponential rise and decay times for the
occupancy profiles collected with Eexc = 2.75 eV are indeed longer than those obtained with
Eexc = 2.26 eV. This is consistent with the additional kinetic energies with which the electrons
and holes are prepared; Eexc = 2.75 eV results in the carriers being prepared with >1 eV of total
kinetic energy above the band gap, while Eexc = 2.26 eV prepares the carriers with ~0.5 eV of
kinetic energy. In addition, the rise times of the occupancies in higher excited-state (ES)
quantum-confinement states are generally shorter than those for the lower-energy states,

r(1′/2Π′/1′) ≤ r(1/2) ≤ r(1) ≤ r(1 or 1*). The major exception to this trend is the
occupancy profile of the 1-VB–1 feature, but as suggested in Figure 5-2, this feature includes
transitions between quantum-confinement stats within the CB and VB–1 bands, not just states
within the CB and VB. As will be discussed, the actual dynamics of the electrons and holes are
much more complicated than suggested by the average lifetimes included in Table 5-1. For
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instance, the rises and decays of most of the occupancy profiles are multiexponential, with the
exceptions being those that are either approaching or are within the temporal resolution of the
TA experiments, 200 fs. Dissimilar contributions from the relaxation of the electrons and holes
are likely contributors to these multiexponential profiles, but contrasting dynamics incurred in
different QWs as well as along different regions within each QW can also result in multiexponential behavior.

5.3 Discussion
5.3.1 Identification of electron and hole dynamics
Additional scrutiny of the occupancy features enables the relaxation dynamics of the
electrons to be separated from those of the holes. We assigned the absorption feature at 2.64 eV
to be predominantly from 1-VB–1 transitions, Figure 5-1. This feature is also observed in the
occupancy spectra acquired with Eexc = 2.75 eV at energies just above 2.6 eV, even at long time
delays. This feature is shifted to lower energies in the TA and occupancy spectra by QSR and is
labeled as 1-VB–1. The same feature is observed in the TA and occupancy spectra collected
with Eexc = 2.26 eV, Figure A3-6 in Appendix 3. This excitation energy, however, is not
sufficient to photoexcite electrons out of the VB–1 band. Thus, these 1-VB–1 bleach and
occupancy signals are associated with occupancy of electrons in the lowest-energy 1e quantumconfinement state in the CB. In addition, we assigned the weak 1* absorption feature with
transitions between the an excited hole quantum-confinement state and the same 1e state, as
indicated in Figure 5-1. The 1* feature is also discernable in the TA and occupancy spectra,
particularly at long times. The occupancy profiles of the 1, 1*, and 1-VB–1 features
collected with Eexc = 2.75 and 2.26 eV are plotted in Figure 5-5 and Figure A3-9 as black, gray,
and magenta circles. These profiles are normalized to unity at t = 50 ps to enable comparison.
The occupancy profiles for the 1, 1*, and 1-VB–1 features exhibit the same time
dependence at long delays, t > 2.5 ps. Since these transitions access the same quantumconfinement state in the CB and probe different states in the VB, this agreement corroborates the
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Figure 5-5. Long-lifetime occupancy profiles. The occupancy profiles of the 1, 1*, and 1-VB–1 features acquired with
Eexc = 2.75 eV are plotted as black, gray, and magenta circles. Each profile is normalized to unity at t = 50 ps. Inset: shorttime region. A schematic of the dominant transitions associated with each occupancy feature is also shown. The occupancy
profiles for these features obtained with Eexc = 2.26 eV, included in Figure A3-9 in Appendix 3, are nearly the same.

conclusion that these occupancy signals are associated with electrons in the lowest-energy 1
state at long times.
There are distinguishable differences between these three occupancy profiles at shorter
times, inset in Figure 5-5. During the excitation pulse, there is a slightly-enhanced occupancy
signal in the 1-VB–1 feature in comparison to those of the 1 and 1* features. The 1VB–1 signal appears promptly within the instrument response (200 fs), and quickly decreases.
As illustrated in Figure 5-2, 2.75-eV photoexcitation likely promotes electrons to very highenergy states in the CB, possibly the CB12/13 states and form holes in excited quantumconfinement states in the VB. This photon energy can also promote electrons to lower lying
states (left arrow in Figure 5-2) and generate holes in quantum-confinement states near the
bottom of the VB–1 band. These latter excitations would prepare electrons and holes in nearly
the same states as those probed by the 1-VB–1 feature in the TA spectra. There are negligible
differences in the short-time occupancy profiles obtained with Eexc = 2.26 eV, Figure A3-9. This
lower-energy excitation is not sufficient to generate holes in states in the VB–1 band.
Consequently, the small increase in the 1-VB–1 signals observed at very short times with
Eexc = 2.75 eV are associated with occupancy of either highly-excited holes in the VB–1 band or
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electrons prepared just above the band edge. These differences in occupancies are small,
however, and make up a very small fraction of the 1-VB–1 occupancy profile and of the total
carrier population.
The amplitude of the 1-VB–1 feature in the AbsOcc(E, 35 ps) spectrum acquired with
Eexc = 2.75 eV, blue in Figure 5-3(B), is notably less intense than that of the lower-energy 1
feature. Since both of these signals are attributed to electron occupancy in the same 1e state,
the difference in the amplitudes of these two features is a result of the dissimilar strengths for
these transitions. The 2.75 eV photoexcitation preparing holes in the VB–1 band may be weaker
by a comparable factor than the excitation involving the VB band. The ratio of the integrated
areas of the 1′:1′-VB–1′ was determined to be ~3:1 for t ≥ 5 ps for each Eexc. Thus, the
dominant photoexcitation when using 2.75 eV light likely promotes electrons and holes in the
CB and VB, as depicted by the middle arrow in Figure 5-2.
Additional information about the separation of electron and hole dynamics can be gained
by looking at the lowest-energy transitions in the absorption and TA spectra. As presented in
Section 5.2.3, the calculations indicate the 1e lowest-energy electron quantum-confinement
state in the CB is accessed by three prominent transitions within the 1 and 1* features. As a
result, electron population in this 1e state would result in occupancy signals in both the 1 and
1* features. We assigned the 1 feature to two transitions, the [1,2/3] and [1,4] lines, and the
weak, higher-energy 1* absorption feature contains the [1,9/10] line. The degenerate VB2/3
hole states are calculated to be 15 meV above the lowest-energy, VB1 hole state, and the VB4
state is 25 meV above the VB1 hole state. The degenerate VB9/10 state accessed in the 1*
absorption feature is calculated to be 52 meV above the VB1 state, although the assignment
based on the absorption spectrum has it lying 73 meV to higher energies. The QSR of these
specific hole states are not known, but it is likely they experience comparable shifts due to their
energetic proximity. Thus, a room-temperature thermal distribution of holes may also contribute
to the occupancy signals in the 1 feature, but it is unlikely the they would contribute to
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bleaching signals of the higher-energy 1*. The calculations indicate the lowest-energy VB1
quantum confinement state is accessed by [2/3,1] transitions, which energetically lie within the
1 feature in the absorption spectrum. Thus, the presence of holes near the band edge should
result in occupancy signals in the 1 occupancy feature. Unfortunately, there are numerous
other transitions predicted to be within the 1 feature that also access the CB2/3 states. Thus,
any electron occupancy in these states may obscure the hole occupancy in the VB1 state.
As illustrated in Figures 5-3 and 5-4, most of the IRD of the electrons and holes occurs
within 4 ps. To further separate the contributions in the occupancy spectra of the electrons and
holes, the low-energy region of the occupancy spectra, AbsOcc(E, t), recorded with Eexc = 2.75
eV and at times during excitation (t = –0.160 ps), just after excitation (t = 0.240 ps), and further
after excitation (t = 2.64 ps) are plotted in Figure 5-6. During excitation, panel (A), carriers are
observed in nearly all of the occupancy features, including the 1 and 1 features, but not in
the 1* feature. Recall, the 1* feature is a direct signature of electrons populating the 1e
(CB1) quantum-confinement state. Thus, we attribute most of these occupancy signals with holes
that have relaxed very quickly down to the lower-lying quantum states, even within the temporal
duration of the excitation pulse. Signals in the higher-energy features are likely due to electrons,
but some contributions from holes cannot be ruled out. Just after excitation, panel (B), the
occupancy features in the lower-energy region of the AbsOcc(E, 0.240 ps) spectrum have
continued to gain intensity relative to those at higher energies. We attribute this shift in
occupancy to continued carrier, both hole and electron, relaxation to lower energy states.
As presented in Chapter 3, there is an excitation energy dependence on the PL, and the
efficiency for carrier relaxation to the band edge is not unity. Thus, the very fast relaxation rates,
especially for the holes, may be a reflection of competing non-radiative relaxation pathways.
There is no signal in the 1* feature at these short times, indicating there is not a significant
electron occupancy in the 1e state. This lack of electron population could be due to the opening
of radiative recombination once both the electrons and holes reach the lowest-energy quantum128

Figure 5-6. Carrier occupancy near the band edge with Eexc = 2.75 eV. (A) during excitation, t = –0.16 ps, occupancy signals
of carriers are observed in nearly all of the features. Middle panel, a fit (yellow) of the features AbsOcc(E,–0.16 ps) spectrum
(black) reveals there are carriers only in the 1 and  features near the band edge, and not in the 1* feature. The
integrated intensity of each peak is shown as the height of the solid vertical lines positioned at the peak centers. For
comparison, the energies and integrated areas of the peaks for the 1, 1*, and 1Π features in the steady-state absorption
spectrum are plotted with dotted lines. A schematic of the states and transitions between them is shown to the right. At these
very short times, we conclude most of the occupancy signals near the band edge (solid lines) are due to holes. (B) just after
excitation, t = 0.24 ps, the holes have continued to relax to the band edge, and the intensities of the occupancy features have
shifted to the lower-energy features, although the mid-energy states likely have contributions from both electrons and holes.
(C) at considerably longer times, t = 2.64 ps, the holes have relaxed to the lowest CB states and the electrons have reached
the lowest-energy state in the CB. Electron and hole pairs relax via radiative recombination, and an excess of electrons
develops as due to non-radiative trapping of the holes, either during relaxation or at the band edge. At these longer times, the
1, 1*, and 1-VB–1 features, which are indicative of electron populations, dominate the occupancy spectra. The *s in
the spectra indicate noise dips that arise from the subtraction of the spectra during the QSR modeling.

confinement states; the holes relax to the band edge first, and once the electrons relax to the band
edge, electron-hole pairs can recombine radiatively, as long as there are holes present.
For slightly longer time delays after photoexcitation, t = 2.64 ps in panel (C), there are
negligible signals in the higher-energy occupancy features, with the exception of the 1-VB–1
feature. There is very little or no signal in the 1 feature, thus there is no discernable population
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of holes in the VB1 state. In contrast, there is signal in the 1* occupancy feature at this time,
which indicates there is significant population in the 1e (CB1) quantum-confinement state. We
presume the holes near the band edge have either recombined radiatively or become trapped
outside of the CdTe QWs by this time, and there is now an excess of electrons in the 1e state.
The TA and occupancy data recorded with Eexc = 2.26 eV reveal similar electron and hole
dynamics, although the timescales for IRD are shorter. The occupancy spectrum recorded at
t = 0.24 ps contains signals not only in both the 1 and 1 features, but also a weak signal in
the 1* feature, as illustrated in Figure A3-10(A) of Appendix 3. This suggests there are
electrons and holes populating the lowest-energy CB1 and VB1 quantum-confinement states just
after excitation. By 2.64 ps, the amplitude of the 1 feature is nearly zero, and both the 1 and
1* features have reached their maximum amplitudes, Figure A3-10(B). Once again, these
occupancy signals suggest there are excess electrons present in the QWs, and much fewer holes.
As will be presented in Chapter 6, the PL lifetime for these as-synthesized CdTe QWs is
~5 ns. The rapid removal of holes from the band edge on picosecond timescales could suggest
the holes are becoming temporarily trapped, likely in surface states. Broad, induced-absorption
signals below the band edge have been attributed to charged surface states as observed in
samples of CdSe QDs48, 49 and CdTe QWs.50 Although no such signals are observed in any of the
TA spectra collected for these CdTe QWs, we cannot rule out the possibility hole trapping,
perhaps at higher energies while they are relaxing to the ground state.

5.3.2 Intraband relaxation dynamics
The comparisons of the occupancy signals presented in the preceding section enabled us
to identify contributions from the electrons and holes. The holes relax to the band edge and
lowest-energy quantum-confinement states within the VB on very fast time scales. The
efficiency for this relaxation is below unity, however, and only a fraction of the holes reach the
band edge. It is likely that the combination of closely spaced quantum-confinement states in the
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VB combined with competing non-radiative relaxation pathways contribute to the fast IRD of the
holes. Due perhaps to the larger energetic spacings between the states in the CB and fewer nonradiative relaxation pathways, the electrons relax more slowly than the holes in these CdTe QWs.
Once electron population reaches the band edge region and the lowest-energy state in the CB, the
occupancy signals of the holes decrease. Ultimately, the observed long-time dynamics are
dominated by the electrons. We attempted to use these trends and the fitted exponential time
constants, Tables A3-3 and A3-4 in Appendix 3, to more quantitatively characterize the
occupancy profiles presented in Figure 5-6 in order to obtain state-to-state relaxation rates of
both the electrons and holes.
We first consider the relaxation dynamics of the ES features acquired when Eexc = 2.75
eV. The time constants measured for the occupancy profiles included in Figure 5-4 and listed in
Table A3-3 in Appendix 3 enabled the following, simplistic relaxation scheme to be configured.
Scheme 5-1. Observed kinetics for carrier relaxation, Eexc = 2.75 eV
𝐼𝑅𝐹 (> 1⁄0.200 𝑝𝑠)

Prepared States →

1⁄
0.25 𝑝𝑠

→

1⁄
0.50 𝑝𝑠

→

1⁄
1.3 𝑝𝑠

→

→

1′/2′

→

1′

→

1*′

∑2𝑖=1 𝑘𝑟 𝑖

→

1⁄
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∑4𝑖=1 𝑘𝑑 𝑖

→

∑4𝑖=1 𝑘𝑑 𝑖

→

After photoexcitation, the populations in the prepared electron and hole states promptly relax,
within the IRF of the TA experiments, to the highly-excited quantum-confinement states lying
within the 1′/2Π′/1′ occupancy feature. The electrons and holes likely relax out of the states
within the 1′/2Π′/1′ feature with dissimilar rates, and this would result in a decrease of the
1′/2Π′/1′ occupancy signal that follows a sum of two exponential decay terms. However, this
decay signal is best-characterized using a single-exponential decay. Due to the limited number of
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points in the 1′/2Π′/1′ occupancy profile, it is possible we were not able to temporally resolve
the two exponential decays. The rise of the signal in the next lower-energy occupancy feature,
1′/2′, also grows in and decays away with single exponential decays. Once again, this is not
consistent with dissimilar relaxation rates for the electrons and holes. Furthermore, the measured
rate for the growth of the 1′/2′ occupancy profile is much faster than the decay of the higherenergy 1′/2Π′/1′ profile. The decay of the 1′/2′, the growth and decay of the 1Π′, and the
rise of the 1*′ occupancy profiles are all single exponential, and the rates for decay of one
feature and the growth of the next lower-energy feature do not match. The kinetics of the 1*′
and 1′ occupancy features are more complicated with the decays of these occupancy signals
best characterized by a sum of four exponential decays. The rise of the 1′ feature is observed to
grow in with a sum of two exponential terms.
We attempted to numerically model the carrier IRD using the measured time constants
for Eexc = 2.75 and 2.26 eV and including dissimilar relaxation rates for the electrons and holes
for each occupancy feature, but these efforts were not successful without over parameterizing the
terms in the model. In these efforts, we even included variable trapping rates for the electrons
and holes at each step during the relaxation to the band edge. While the results modeling the
Eexc = 2.26 eV occupancy data profiles were better than those obtained with Eexc = 2.75 eV,
reliable rate constants and interpretations of the electron and hole IRD could not be obtained. Not
too surprisingly, the kinetics are more complicated than the simplified model in Scheme 5-1.
There are three obvious contributions in the IRD of the photoexcited charge carriers that
are not revealed in the occupancy data sets and are not accounted for in our modeling. First, each
occupancy feature does not necessarily contain a single transition. The 1′/2′ occupancy
feature, for instance, contains the two transitions listed. Second, the electrons and holes will relax
through dissimilar states. Again, consider the 1′/2′ occupancy feature and the specific states
accessed by the transitions within it, which are identified in Figure 5-1. As indicated in
Scheme 5-2, the electrons will likely relax through the CB6 and then the CB4/5 quantum132

confinement states, and the energetic spacing between these states is calculated to be 51 meV. In
contrast, the holes will likely relax through the VB14 and then the VB11/12 states, which are
spaced by only 10 meV. As a result, there are additional steps and rates than are identifiable from
the TA spectra, and a more complicated relaxation scheme must be implemented, just for the
1′/2′ occupancy profile. Similar schemes must be developed for each occupancy feature and
incorporated into a single numerical model.
Scheme 5-2. Realistic kinetics for carrier relaxation through the 1′/2′ occupancy feature
Electron contribution:

𝑘𝑟 6

→

𝑘𝑑 6

→
Hole contribution:

𝑘𝑑 6

→

CB# = 6
CB# = 4/5

𝑘𝑟 14

→

VB# = 14

𝑘𝑑 14

→

VB# = 11/12

𝑘𝑑 4/5

→

𝑘𝑑 14

→

𝑘𝑑 11/12

→

The third contribution that is not included involves the actual mechanisms for the
relaxation of the carriers. The influences and the roles that arise because of the specific energies
between the quantum-confinement states, the propensities for phonon coupling, the continua of
states lying above each quantum-confinement state, the presence of non-radiative pathways at
each step, and the restrictions that arise from the conservation of momentum on the IRD were
not considered. All of these contributions are beyond the scope of this dissertation.
The occupancy profiles of the features near the band edge provide insight into the overall
relaxation rates of the electrons and holes. The 1′ occupancy profiles are plotted in Figure 54(E). The 1′ profile obtained with Eexc = 2.75 eV was fit to a sum of two exponential rises with
lifetimes of ~200 fs and 1.10(2) ps. We assigned the fast component to relaxation of the holes to
the band edge, and the slower component to the relaxation of the electrons. Based on the
calculations of the quantum-confinement states and the transition strengths between them, we
estimate Eexc = 2.75 eV would promote an electron to ~0.65 eV above the lowest-energy 1e
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state in the CB. This energy combined with the 1.10 ps rise-time component of the 1′
occupancy profile yields an estimate of ~0.6 eV ps–1 for the electron to relax to the lowest-energy
state. In contrast, the hole is prepared with ~0.42 eV excess energy, and the rise component is
instrument limited, <200 fs. An estimate of ~2 eV ps–1 for the hole relaxation rate is made for
Eexc = 2.75 eV. The 1′ occupancy profile collected with Eexc = 2.26 eV has a slow component of
0.66(1) ps, and the fast component is again instrument limited. This lower-energy excitation
prepares the electrons and holes with ~0.48 and ~0.12 eV of energy above the lowest-energy
states in the CB and VB. From these data, we can estimate an electron relaxation rate of
~0.7 eV ps–1 and a limit of >0.6 eV ps–1 for the hole for Eexc = 2.26 eV.
Studies of the carrier IRD within semiconductor QDs have shown that the large spacing
between quantum-confinement states results in relaxation through a two-body Auger relaxation
mechanism. The overall rate for electron relaxation to the band edge was estimated to be
1.2 eV ps–1 in CdSe QDs.51 This two-body, Auger mechanism couples the kinetic energy of an
excited electron to that of a hole. In the case of the CdTe QWs investigated, the low PL of the
sample and the absence of hole occupancy signals within the 1Π′ feature at time delays ≥ 2.64 ps
suggests there are not a large excess of holes present with which the electrons can couple.
Furthermore, the rates of hole relaxation are notably higher than those of the electrons, and there
are no delayed occupancy signals observed that can be associated with re-excitation of the holes.
As a result, we deduce that two-body Auger relaxation is not a prominent relaxation mechanism
in these QWs. Instead, we conclude the electrons and holes relax to the band edge via efficient
phonon coupling. The relaxation rates measured for the electrons in the CdTe QWs, ~0.6 and
~0.7 eV ps–1, are near the range of the rates for electron-LO phonon scattering relaxation in bulk
CdSe, 0.2 – 0.5 eV ps–1.52 Following this conclusion, we propose the slightly slower electron
relaxation rate estimated for Eexc = 2.75 eV in comparison to that for Eexc = 2.26 eV, ~0.6 eV ps–1
versus ~0.7 eV ps–1, is due to increased temperatures within the QWs associated with the excess
energies with which the charge carriers are prepared.
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5.3.3 Transient QSR shifting during charge carrier relaxation
Within the QSR model, a universal EQSR(t) value of ~13 meV was determined from
fitting the ES features of the AbsTA(E, t) spectra with t ≥ 5 ps. Since there is occupancy of
charge carriers in many of the quantum-confinement states within the ES features at shorter
times, t < 5 ps, applying the QSR model and fitting the AbsTA(E, t) spectra within this time
range was impractical. The established EQSR(t) value of ~13 meV enabled the population or C(t)
values at t < 5 ps to be estimated, the removal of much of the QSR contributions to the

AbsTA(E, t) spectra to be accomplished, and the extraction of the AbsOcc(E, t) spectra to be
extracted, as described in Chapter 4 and Section 5.2.5. There is, however, no a priori reason
that all of the quantum-confinement states and occupation features should shift by the same

EQSR(t) value after initial excitation, especially at short times when there are carriers within the
manifold of higher-energy quantum-confinement states in the CB and VB states. Any additional
shifting, due to QSR or occupancy of electrons or holes in the individual quantum-confinement
states at a given time should be present in the AbsOcc(E, t) spectra recorded at short times. In
order to reveal the additional energetic shifting of the occupancy features within the

AbsOcc(E, t) spectra at short times, the peak energies of the Gaussians used to fit the different
features are plotted in Figure 5-7(A) and Figure 5-7(B). The peak energies of the occupancy
features are plotted relative to those measured in the steady-state absorption spectra to emphasize
the shifting of the features with time, EOcc(t).
As illustrated in Figure 5-7(A), the EOcc(t) of the 1′ feature obtained with
Eexc = 2.75eV shifts dramatically short times (black, open circles). At the very beginning of the
photoexcitation, the EOcc(t) value of the 1′ feature is shifted by nearly 30 meV to lower
energies. The energy of the 1′ feature promptly, within 0.5 ps, shifts to nearly 0 meV, and then
relaxes to the long-time value of EOcc(t) ~13 meV. We propose there are competing
mechanisms involved that give rise to this behavior. Based the assignments of charge carriers
discussed in Section 5.3.1 and plotted in Figure 5-6, at the earliest times, holes rapidly relax to
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Figure 5-7. Transient QSR effects in CdTe QWs. (A) the occupancy peak energies, EOcc, of the 1 feature are plotted
versus time for the data collected with Eexc = 2.75 eV (black, open circles) and 2.26 eV (purple, filled circles).
EOcc(t) = 0 meV represents the peak of the 1 absorption feature, and the shift due to QSR at long times, ΔEQSR(t) = 13
meV, is shown as a cyan dashed line. Fits of the data to a sum of a single-exponential rise and decay are provided as guides
for the eye. (B) the energetic shifting, EOcc, of all of the occupancy features collected with Eexc = 2.75 eV are plotted versus
time out to only t = 1.5 ps. The energies of the peak centers of the 1 (black), 1* (gray), 1 (red), 1Δ/2 (green),
1/2/1 (blue), and 1-VB–1 (magenta, open) features are plotted relative to the energy of the corresponding feature
measured in the steady-state absorption spectrum. Note that the time scales of (A) and (B) are not the same. (C) the lowenergy region of the steady-state absorption spectrum and occupancy spectrum for t = 35 ps are plotted as black and blue.
The fits of the 1 and 1* occupancy features are shown as black and gray dashed lines. The PL spectrum collected with
Eexc = 2.75 eV is shown as red. The * in panel (C) indicates a noise dip that arises from the subtraction of the absorption
spectra during the QSR modeling.

the lowest-energy VB1, VB2/3, and VB4 states. The calculations indicate the [1,2/3] and [1,4]
transitions are energetically within the 1′ feature with the [1,2/3] line at lower energies. Thus, a
higher population in the lower-energy VB2/3 states versus the VB4 state at slightly higher
energy will result in the center of the feature to be shifted to lower energies. Shortly after, the
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slower relaxing electrons begin to populate the CB1 (1e) state, and the population of the holes
decreases rapidly via radiative and nonradiative relaxation. The electron occupancy bleaches all
of the associated transitions within the 1′ feature, including the weaker [1,5/6] transitions. This
change from hole to electron contributions results in the shift away from the initial ~30 meV
value as the occupancy signals are now associated with electrons and the numerous transitions
that access this 1e state. The changing breadth of the 1′ feature with time reflects these
changing contributions of the electrons and holes within the 1′ feature, Figure A3-11 of
Appendix 3. At the shortest time, the feature is ~55 meV broad, and this breadth is dictated by
hole occupancy in the lowest-energy states. Soon after, the occupancy signals are dictated by
electrons in the 1e and the numerous transitions that access this state, and the breadth of the 1′
occupancy feature increases to ~75 meV by t = 2 ps.
There are likely additional contributions to the peak energies and breadths of the
occupancy features in the EOcc(t) spectra. For instance, we concluded the electrons and holes
relax via phonon coupling. Thus, the relaxation of the carriers results in phonon excitation, or
heat within the QWs. This internal energy will have contributions to both the breadth and center
energy of the occupancy features. As the QWs are suspended in a room-temperature solution, we
anticipate the temperature within the QWs equilibrates quickly and efficiently after
photoexcitation. Thus, the shift of the energy of the 1′ occupancy feature to nearly 0 meV is
likely due to the increased temperature within the QW. As this excess energy is dissipated, the
feature shifts back to the long-time value of ~13 meV that is dictated by the QSR associated with
electrons in the 1e state. The breadth of the 1′ feature decreases to the final value on the same
timescale, indicating there are also contributions from the phonons in the breadth of the feature,
as expected.
The EOcc(t) values obtained for all of the occupancy features in the AbsOcc(E, t) spectra
collected with Eexc = 2.75 eV are plotted in Figure 5-7(B). It is particularly noteworthy that the

EOcc(t) values for the ES features corresponding to 1′/2′ and 1′/2Π′/1′are larger than those
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of the lowest-energy 1′, 1*′, and 1Π′ features. These differences are observed for as long as
there is occupancy in these higher-energy features, >1.5 ps. Once there are primarily electrons
present within the QWs at longer times, we measured a universal shift of ~13 meV for all of the
spectral features. The additional shifts in the occupancy features indicates the shifting of the
quantum-confinement states is not just a result of the presence of electrons or holes in the CB
and VB. Instead, the population of electrons or holes in each quantum-confinement state results
in additional shifting of those states. A complicated time-dependence of the EOcc(t) for the
higher-energy occupancy features is not unexpected. The higher-energy occupancy features
contain additional transitions within each, as depicted in Figure 5-1(A). As a result, the EOcc(t)
values for each of these features depend on the occupancies in numerous quantum-confinement
states as the electrons and holes relax through the manifold of states within the CB and VB.
There are also contributions to the widths and energies of these higher-energy features from
phonons and temperature, but simple trends with time are not obvious.
The EOcc(t) values and spectral breadths of the occupancy features obtained with
Eexc = 2.26 eV, Figure 5-7(A) and Figure A3-11 of Appendix 3, have similar characteristics as
those associated with Eexc = 2.26 eV. There are subtle, justifiable differences that are noticeable
in the EOcc(t) values of the 1′ feature collected with Eexc = 2.26 and 2.75 eV; the energies of
the 1′ feature collected with Eexc = 2.26 eV are initially lower and they decrease faster with
time. This behavior is consistent with the preparation of the carriers to quantum-confinement
states that are lower in energy and closer to the band gap. The occupation of states at lower
energies results in less QSR and a reduction of the time required for the carriers, especially the
electrons, to reach the band edge. Overall, there are three contributions in the energetics
observed in the EOcc(t) data. (1) Since there are numerous transitions within each occupancy
feature, their breadths are dictated by the specific occupancies of electrons and holes in those
states within the QWs at a given time. (2) The energies of the occupancy features also depend on
the occupancy of the specific quantum-confinement states probed within each feature. (3) The
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relaxation of the carriers results in the generation of phonons, and these contribute to the
breadths and energies of the occupancy features out to t ~4 ps.
In general, the large band-gap energy of the CdTe QWs, ~1.7 eV, requires that the
electrons and the few remaining holes near the band edge must dissipate this excess energy via
radiative or nonradiative pathways in order to return to the unexcited, ground state of the QWs.
The optical selection rules for a perfect particle-in-a-cylinder system are n = 0 and 𝑙 = 0.
These constraints are relaxed due to state mixing in the VB. At long times, the electrons and hole
should be preferentially in the CB1 and VB1 states. When considering electron-hole radiative
recombination, it is necessary that there are electron and hole populations in both states involved
in a transition. The calculated transition strengths indicate the strongest transitions associated
with the CB1 state are the [1,2/3], [1,4] and [1,5/6] transitions. The close spacing of the hole
states may permit some holes to be thermally populated in these excited CB states at room
temperature. The lowest-energy quantum-confinement state in the VB is the VB1 state, and the
prominent transition associated with this state is the [2/3,1], which is at higher energies within
the 1 feature. The energy of the CB2/3 states is calculated to be 155 meV above the CB1 state.
Thus, there will be no electron population in the CB2/3 state and there will be no radiative
recombination through the [2/3,1] transition at long times.
Previously in Chapter 4, we observed that the low-energy features within the AbsOcc(E,
t) spectra extracted by QSR modeling, at these later times, overlapped considerably with the PL
spectrum of the CdTe QWs. The PL spectrum is overlaid with the low-energy features of the

AbsOcc(E, t) measured at a long time delay of t = 35 ps with Eexc = 2.75 eV in Figure 5-7(C).
The additional identification of the 1* feature within the absorption spectrum of CdTe QWs,
see Figure 5-1(A), and subsequent Gaussian fitting of this occupation features within the

AbsOcc(E, t) spectra allowed for the accurate extraction of the 1′ and 1*′ occupancies. With
these contributions of the differing transitions in the AbsOcc(E, t) spectra accounted for, the 1′
occupancy feature and the PL spectrum are nearly identical. Recall, the 1*′ occupancy feature
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is observed because of electrons occupying the shifted CB1 state, and the population of holes in
the VB9/10 states is likely negligible at long times. As a result, this feature will be absent in the
PL spectrum. Thus, we conclude the Stokes shift of the PL spectrum is dominated by the
energetic shifting of the CB and VB quantum-confinement states at long times and the
population of both electrons and holes in these energetically-shifted states.
Lastly, the observation of the 1′-VB1′ occupancy feature enables the relative amounts
of QSR in different VB bands to be identified. The EOcc(t) values of the 1′ feature at long
times were measured to 19(2) meV and 20(3) meV for excitation with Eexc = 2.75 eV and
Eexc = 2.26 eV. The EOcc(t) values of the 1′-VB1′ feature, which we assume to be associated
with transitions between same quantum-confinement states as those in the 1′ feature, are
30(4) meV and 34(4) meV for the two excitation energies. This suggests the degree of QSR in
the lowest-lying quantum-confinement states within the VB–1 is greater than those in the VB.

5.3.4 Interband relaxation dynamics
As described in the previous sections, photoexcited electrons and holes rapidly relax to
quantum-confinement states near the band edge; the hole relaxation occurs within 200 fs, and the
electron relaxation is complete within 3 ps. These contrasting relaxation times were observed in
the bi-exponential rises of the 1′ occupancy signals, which are dependent on the population of
electrons and holes in the quantum-confinement states at the band edge. The decay profiles of the
1′ and 1*′ occupancy features (as well as the 1′-VB–1 feature) also appear to be multiexponential, Figure 5-5. Thus, the electrons and holes must experience contrasting dynamics and
traverse through diverse relaxation pathways as the QWs relax to their unexcited states. Given
the sensitivity of the 1*′ feature to occupancy of electrons rather than holes, the similar decay
profiles of the 1′ and 1*′ features suggest that a majority of the photogenerated holes are
removed within the timescale of the intraband electron relaxation. This rapid depletion of the
hole population is consistent with the low PL of the ensemble CdTe QW sample, ~0.2%, which
indicates that radiative recombination of excited electron-hole pairs is unlikely.
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In order to quantify the multi-exponential behavior of the 1′ and 1*′ features, each
occupancy profile was fit to a sum of exponential rises and decays, as described in Section A3.5
of Appendix 3. Four exponential decay components spanning three orders of magnitude in time
were needed to fit the occupancy profiles satisfactorily. For instance, decay constants of 3.9(1),
31.7(4), 203(1), and 1361 ps were obtained from the fit of the 1′ profile with Eexc = 2.75 eV.
There are likely even longer time components within the profiles, but these could not be detected
for several reasons. First, the signal-to-noise ratio of this TA data set is ~210 with a noise level
of ~2.7 × 105 mOD, which is quite good for a TA measurement. With this noise level, the TA
decay profiles approach the noise limit within ~5 ns, which only permits a time constant of ~1 ns
to be reliably measured. Additionally, the TA measurements could only be recorded out to
t = 7.6 ns with the current experimental setup. As a result, the 1361 ps lifetime constant was
obtained from the fit of the decay of the 1′ signal in the TA data. We then assumed it was the
same for the decay of the 1′ occupancy signal, and this value was fixed in order to converge the
latter fit. Thus, there is likely a longer-time component present in the decay profile that could not
be identified. With these constraints, the average lifetime of this 1′ occupancy feature was
measured to be 230(6) ps, which is likely a lower limit of the carrier lifetime. Similar time
constants were obtained for the 1*′ feature, and the 1′ and 1*′ features obtained with
Eexc = 2.26 eV.
Ultimately, the holes within the CdTe QWs dictate the very low PL values measured for
the sample, but the large number of exponentials needed to quantify the decays of the occupancy
profiles indicate that the dynamics of the electrons are also complicated. In terms of dynamics,
all of these nonradiative pathways alter the carrier lifetimes away from those expected based on
oscillator strengths and radiative recombination. For instance, the PL intensity decay profiles of
well-passivated CdTe QDs (3.8 nm diameter) with PL = 90% were observed to be single
exponential with a lifetime of 25 ns.53 The average lifetimes of the carriers within these CdTe
QWs (PL ~ 0.2%) based on fitting the multi-exponential decays of the 1′ and 1*′ occupancy
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features (Eexc = 2.75 eV) were determined to be only 232(6) and 230(3) ps, respectively, see
Table A3-3 in Appendix 3.
In semiconductor QDs, the prominent pathways for nonradiative recombination are
surface trap states, dangling bonds, solvent interactions, or ligands that efficiently extract carriers
from the semiconductor core. Due to the small size of the QDs, a photogenerated electron and
hole likely experience all of these pathways at the same time, and the resultant carrier lifetime
would be single exponential. For an ensemble sample of QDs suspended in solution, each QD
may have dissimilar surfaces and nonradiative pathways, and a multi-exponential decay
associated with the heterogeneous sample may result. The relaxation dynamics of
photogenerated carriers within an ensemble of QWs are more complicated, however. For QWs in
solution, the different surfaces and properties of the QWs would also result in multiexponential
decay profiles. The dimensionality of QWs and their lengths give rise to additional variabilities.
In an ideal QW, the photogenerated electron-hole pairs remain bound to each other as 1D
excitons, which can have kinetic energy along the length of the QW dictated by the temperature
of the QW. In an actual QW, the surfaces and local environments are not likely the same along
their lengths, and the 1D excitons will sample variable interactions as they traverse different
regions of the QW. If the interactions are strong enough, the 1D excitons may dissociate into
separate electrons and holes, which would then move independently along the QW. When this
happens, the probability for radiative recombination drops significantly as the spatial overlap of
the electron and hole becomes negligible. Furthermore, the nonradiative pathways for separate
charges are likely different than those for neutral 1D excitons.
Lastly, the quantum-mechanical nature of the CdTe QWs would also result in a multiexponential decay of carrier populations, even if the PL value of the sample were unity. The
energetic proximity of the hole quantum-confinement states in the VB gives rise to a mixing of
the states, as discussed in Section 5.2.3. As a result, the radiative recombination of electrons
relaxed within the lowest state in the CB preferentially occurs through the [1,2/3], [1,4], and
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maybe the [1,5/6] transitions. Internal relaxation of the holes through these different states during
the lifetime of the electrons and radiative recombination, would result in a multi-exponential
decay of the carriers. Further complicating the situation is that the lowest-energy hole state has
more 1 character than 1 character, and thus its prominent transition is the [2/3,1] line at
higher energies. Since, most of the electrons would be in the CB1 state, not the CB2/3 state after
intraband relaxation, a buildup of hole population in the VB1 state may result. This situation
could be exasperated at low temperatures, where the electron populations may be predominantly
in the CB1 state, and the holes in the VB1 state with no favorable radiative transition between
the states. The band edge dynamics of the carriers within room-temperature CdTe QWs are
investigated more thoroughly using alternative measurements in Chapter 6.

5.4 Conclusions
The QSR model was successfully applied to TA data collected on as-synthesized CdTe
QWs. Using this model, occupancy spectra that detail the energetics and populations of charge
carriers within the quantum-confinement states in the CB and VB were analyzed using
calculations of the states and transitions as a guide. Time-dependent occupancy profiles were
obtained for each of the features within the spectra in order to quantify the relaxation dynamics
of the charge carriers after initial excitation. We are not aware of any other reports of identifying
the relaxation of carriers in semiconductor NPs from initial excitation, through the energetically
accessible states, and to the lowest-energy states in the CB and VB. Analyses of the spectral
features and temporal profiles revealed separate relaxation times for electrons and holes during
intraband relaxation. Holes were determined to relax within the instrument resolution of the TA
measurements, ~200 fs, while electrons relaxed slower. These timescales enable us to estimate
relaxation rates of ~0.6 eV ps–1 and ~0.7 eV ps–1 for excitation with Eexc = 2.75 and 2.26 eV,
respectively. These electron relaxation rates are consistent with previously reported values for
phonon scattering in bulk semiconductors as opposed to two-body Auger relaxation. In general,
the temporal profiles of higher-energy occupancy features were also consistent with the rapid
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relaxation of charge carriers through the manifold of high-energy states after initial excitation.
Analyses of state-dependent relaxation within this manifold, however, was complicated by the
vast amount of transitions underlying the occupancy features, as well as contributions due to
increased heating of the QWs
The QSR model also allowed for the quantification of the energetic shifting of the
quantum-confinement features within the absorption spectrum. A universal shift of ~13 meV to
lower energy was determined at times when carriers occupy quantum-confinement states at the
band edge. Additional energetic shifting for all of the features was observed at earlier times,
during and just after excitation as well as during intraband relaxation of the carriers. In general,
the higher-energy features shift by larger amounts than the lower features. At long times, the
QSR of the electron and hole states within the 1 feature were determined to give rise to the
Stokes shift observed in the PL spectrum. Lastly, the low efficiency for PL was attributed to the
loss of holes both during and after relaxation to the band edge states. The loss of electrons was
less, and the IRD was slower for the electrons. As a result, the observed interband relaxation
dynamics are largely contributed to those of the electrons. Numerous reasons may exist for the
complicated interband dynamics observed, but the short lifetimes are consistent with the low
emission efficiency of the sample.
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Chapter 6:
Long-lived 1D Excitons in Bright CdTe
Quantum Wires
Reproduced with permission from: Sanderson, W. M.; Wang, F.; Buhro, W. E; Loomis, R. A,
Long-lived 1D Excitons in Bright CdTe Quantum Wires. J. Phys. Chem. C, 2019, 123 (5), pp
3144–3151. Copyright 2019 by the American Chemical Society.

6.1 Introduction
Semiconductor nanomaterials are the focus of intense study due in large part to their
potential for enhancing the efficiencies of photovoltaic (PV) devices.1-5 The ability to tune the
band-gap energies and the corresponding absorption and photoluminescence (PL) spectra of
these nanomaterials through manipulation of their size, dimensionality, and chemical
composition enable a majority of the solar spectrum to be harnessed. The simplest and most
widely utilized of these semiconductor nanomaterials are zero-dimensional (0D) quantum dots
(QDs) since they can be synthesized with high physical and optical qualities in large quantities
using colloidal methods. The optimization of post-synthesis surface passivation schemes6-10 and
core-shell syntheses11-14 have enabled non-radiative, charge-carrier relaxation mechanisms to be
minimized and near unity PL quantum yields, PL, to be achieved.15 Nevertheless, the
efficiencies of PV devices that incorporate these 0D nanostructures are restricted by the
imperfect charge hopping that occurs between the QDs packed together in a PV device.16, 17
The geometries of one-dimensional (1D) semiconductor nanowires (NWs) intrinsically
enable directional charge transport over long distances,18, 19 while semiconductor quantum wires
(QWs) also offer band-gap tunability through diameter control and quantum-confinement
effects.20-22 Strong electron-hole interactions, which are enhanced in QWs over those in the bulk
semiconductor, result in large exciton binding energies and the stabilization of photogenerated
electron-hole pairs as 1D excitons, even at room temperature.23-25 The form of the particle-in-a-
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cylinder quantum-mechanical wavefunctions for electron-hole pairs bound as 1D excitons in
ideal QWs with no traps or variations in potential energy along the QWs is
𝛹(𝑟, 𝜃, 𝑍) = 𝛹𝑒 (𝑟, 𝜃)𝛹ℎ (𝑟, 𝜃)𝜙(𝑧𝑒 − 𝑧ℎ )𝑒 ±𝑖𝑘𝑒𝑥𝑐 𝑍
The electron and hole quantum-confinement states are 𝛹𝑒 (𝑟, 𝜃) and 𝛹ℎ (𝑟, 𝜃), and the energies of
these states change with the diameter of the QW. The bound electron-hole, hydrogenic states of
the 1D excitons are 𝜙(𝑧𝑒 − 𝑧ℎ ), where ze and zh represent the positions of the electrons and holes
along the length of the QWs. The free-wave motion of the 1D excitons within the QWs is
characterized by the 𝑒 ±𝑖𝑘𝑒𝑥𝑐 𝑍 term, where Z is the center-of-mass position of the exciton along
the length of the QWs. kexc is the wave vector of the exciton, which is proportional to the
momentum of the exciton, 𝑝𝑒𝑥𝑐 = ℏ𝑘𝑒𝑥𝑐 .
It is difficult to synthesize QWs with sufficient quality for electron-hole pairs to behave
as ideal particle-in-a-cylinder systems. A good indicator of the quality of a semiconductor QW is

PL, the efficiency of spontaneous emission following the photogeneration of an electron-hole
pair. In general, QWs with higher irregularities in surface passivation, crystal structure, and
diameter will have more non-radiative relaxation pathways and lower PL values than QWs that
are nearly ideal. Due to the long lengths of the QWs, the surface areas sampled by
photogenerated electron-hole pairs in QWs are significantly larger than in QDs, and the
dynamics of 1D excitons within QWs tend to be dominated by non-radiative relaxation pathways
that arise from the large number of surface trap sites.26-34 Consequently, the PL values of
QWs35-37 are typically <0.1%, orders of magnitude lower than those of QDs. Likely due to the
less-than-ideal quality of QW samples, attempts at incorporating semiconductor QWs in PV
devices have been limited. In one report, a maximum incident-photon-to-carrier conversion
efficiency value of 13% at 500 nm and a 1 sun power conversion efficiency of 0.007% was
obtained using CdSe NWs (average diameters of 10 – 15 nm) deposited with random orientations
onto indium-tin-oxide.38
An obvious way to improve efficiencies of PV devices that utilize QWs is to minimize
the non-radiative pathways and lengthen the lifetimes of the photogenerated charge carriers in
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the QWs. Notable advances in the procedures for colloidal syntheses and surface passivation,39-43
in the control of the crystalline morphology,44, 45 and in the growth of core/shell structures46 of
semiconductor QWs continue to be made. Our group has achieved PL values up to 25% for
CdTe QWs measured under low excitation fluences by minimizing the density of surface trap
sites using post-synthetic surface modification methods.35 These PL values are now approaching
those of QDs, and their potential for use in PV devices seems promising.
Here, we report the PL lifetimes of 1D excitons prepared in room-temperature samples of
colloidal CdTe QWs having a range of PL from <0.1% to 9.0%. The CdTe QWs, shown in
Figure A4-1 of Appendix 4, have predominantly wurtzite crystal structure45 and an assynthesized PL <0.1%. Six additional samples with steady-state PL values spanning up to
9.0(3)% were prepared using post-synthesis surface modification35 of the as-synthesized sample.
For the samples with high PL values, the lifetimes and dynamics of the 1D excitons in QWs that
are closer to the ideal particle-in-a-cylinder scenario were probed. The time-resolved PL
intensity decays (TRPLDs) of these seven samples were measured using femtosecond excitation
and time-correlated single-photon counting (TCSPC) with a temporal resolution of ~0.230 ns.

6.2 Experimental methods
CdTe QW Samples. A batch of CdTe QWs with nearly pure wurtzite (W) crystallinity,
98.5% W and 1.5% zinc blende, was synthesized using the solution-solid-solid colloidal
method.45 The mean diameter of the QWs were measured to be 6.7(7) nm, and the lengths of the
QWs range from 1 to ~10 m using images acquired with low-resolution transmission electron
microscopy. Aliquots of this as-synthesized CdTe QW sample were thermally enhanced for 24
hours at 100 °C in toluene containing different thiol ligands following a published procedure for
producing CdTe QWs with significantly enhanced PL values.35 The samples were centrifuged,
and the solvent was decanted to isolate the enhanced CdTe QWs. Trioctylphosphine was quickly
added to the samples, and each sample was sealed and placed in front of a 100W incandescent
lightbulb. (Additional details are provided in Appendix 4). CdTe QW samples with
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PL = 1.2(1)% and 1.9(1)% were obtained when using hexanethiol as a passivation ligand during
the thermal enhancement step. Higher yields were achieved using ethanethiol, PL = 4.0(1)%,
5.9(2)%, 7.2(1)%, and 9.0(3)%.
Photoluminescence Quantum Yield Measurements. PL measurements were performed
to determine sample quality using a commercially available spectrofluorimeter calibrated with
emission profiles of NIST standards. Absolute PL values were obtained utilizing a scattering
sphere calibrated with quinine sulfate and rhodamine 6G. The CdTe QW concentrations were
kept low in all spectroscopy measurements to maintain absorption values <0.2 at the excitation
energy, thereby minimizing reabsorption and non-linear effects. The fluence of the cw excitation
source in the PL measurements was kept low, 160 µW cm–2, in order to ensure only single
electron-hole pairs were photogenerated in a single CdTe QW. Note the ability to measure
appreciable PL values using these low fluences suggests the photogenerated electron-hole pairs
are indeed bound as excitons. Neutral density filters were also used on the detection side of the
spectrometer to maintain linear response of the PMT emission detector. Additional details
regarding PL measurements can be found in Chapter 2 and Appendix 4.
Photoluminescence Lifetime Measurements. TRPLDs were recorded using a
commercial TCSPC system with a temperature-controlled MC-PMT and software package. In
order to minimize the propensity for exciton-exciton interactions that could induce non-radiative
relaxation dynamics, such as Auger relaxation, laser pulse fluences were typically kept <15 nJ
cm–2 pulse–1 and repetition rates of 20 kHz (50 s between pulses) were used. Most of the
TRPLDs were collected with excitation that generated on <0.1 1D excitons µm–1 pulse–1 along
the CdTe QWs, denoted as Nexc. This corresponds to ~0.1 to ~1.0 1D excitons photogenerated
within each QW per laser pulse, where the range arises from the span of QW lengths.
Experiments were also performed with different excitation fluences and laser repetition rates to
ensure there were no changes in the recorded TRPLDs that may arise from carrier-carrier
interactions, to trapping and detrapping of charge carriers, or from the accumulation of charge
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carriers within the QWs from consecutive laser pulses. The specific excitation fluences used and
estimated N values for each measurement are listed in Table A4-1 of Appendix 4. Additional
details on the experimental setup are included in Chapter 2 and Appendix 4. Commercial
software was used to fit the TRPLDs to a sum of exponentials using least chi-squared residuals.
The number of exponentials used in the fitting was determined via Bayesian analyses.47-49
Sequential TRPLDs were recorded to identify the variance in PL lifetime data, summarized in
Table A4-3 of Appendix 4. Average lifetimes of samples, AVG, and percent contribution were
obtained using,
∑ 𝐴 2

AVG = ∑ 𝐴i i ,
i i

where Ai and i are the individual amplitude and corresponding lifetime components. The percent
contributions associated with each lifetime component were calculated using,
𝐴𝜏

Percent contribution (%) = ∑ 𝐴i 𝜏i × 100% .
i i

6.3 Results
The room-temperature PL spectra of the seven different CdTe QW samples were
recorded with cw excitation at 2.76 eV (450 nm), Figure 6-1. All of the PL spectra have slightly
asymmetric line shapes, extending slightly more to lower than higher energies, breadths of

Figure 6-1. PL spectra of CdTe QWs. Ensemble PL spectra of CdTe QWs with varying surface passivation recorded using
cw excitation energy at 2.76 eV. Each spectrum is labeled with the PL measured for that sample. The PL spectrum of the assynthesized CdTe QWs is multiplied by a factor of 10 for clarity.
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~90 meV, and maxima at ~1.7 eV. The energies of the PL maxima are observed to vary slightly,
<10 meV, Figure A4-2 in Appendix 4, but these variations are commonly observed in the
photoenhancement process and do not correlate with PL. The as-synthesized QWs exhibit very
weak emission with a measured PL of < 0.1%. These low PL values are consistent with those
reported previously for CdSe and CdTe QWs.35-37 When using hexanethiol during the surface
enhancement procedure the PL intensity increases, and PL values of 1.2(1)% and 1.9(1)% were
measured. The use of ethanethiol as the passivating ligand resulted in even higher PL intensities,

PL = 4.0(1) – 9.0(3)%.
The TRPLDs of the seven CdTe QW samples were recorded with pulsed excitation at
2.76 eV and TCSPC detection at the emission energy of the maximum PL intensity of each
sample. The TRPLDs measured for the as-synthesized sample with PL < 0.1% and the enhanced

Figure 6-2. PL lifetime data versus PL. (A) TRPLDs for CdTe QWs with PL < 0.1% (black), PL = 1.2(1)% (red), and
PL = 9.0(3)% (blue). Multiexponential fits of the TRPLDs are superimposed (yellow). (B) The average PL lifetimes for the
seven CdTe QW samples are plotted as a function of PL. The excitation energy was 2.76 eV, and emission was collected at
the peak of each PL spectrum, ~1.7 eV.
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samples with PL = 1.2(1) and 9.0(3)% are plotted in Figure 6-2(A). The TRPLDs recorded for
all of the samples are multiexponential, and there is a general trend of longer decays with
increasing PL, Figure A4-5 in Appendix 4. The multiexponential behavior of the TRPLDs
indicates that different photogenerated excitons experience dissimilar environments and undergo
varying relaxation dynamics, likely associated with crystalline defects, dangling bonds, surface
ligands, or charge transfer to the solvent.50 The large surfaces associated with the QWs can also
give rise to varying dynamics and thus dissimilar TRPLDs along the lengths of the individual
QWs. These varying environments can ruin the ideal particle-in-a-cylinder behavior of the 1D
excitons and minimize their free-wave nature along the QWs. Additional contributions to the
multiexponential behavior of the TRPLDs arise from QW-to-QW heterogeneities present in the
sample.
Each TRPLD was fit to a sum of exponentials (yellow in Figure6-2(A) and Figure A4-5
of Appendix 4); a sum of three exponentials was used for the very short PL < 0.1% TRPLD,
and a sum of four exponentials was used for all remaining TRPLDs. The fitted parameters,
amplitudes and time constants, of the TRPLDs are included in Table A4-1 of Appendix 4. The
time constants of the TRPLD recorded for the as-synthesized CdTe QW sample with PL < 0.1%
are 0.20(2), 1.5(2), and 11(1) ns, and the average PL lifetime, AVG, is 5.4(5) ns. Since the
temporal response of the measurements is ~0.230 ns and the shortest time constant is
approximately this value, it is likely that some of the relaxation dynamics occur on timescales
shorter than 0.20 ns. As a result, this AVG for the as-synthesized sample represents an upper
limit. The short lifetime is less than the radiative lifetime of CdTe QDs, rad ~25 ns,51-56 which is
estimated to be that of CdTe QWs. consistent with the low PL value and the dominance of nonradiative relaxation mechanisms over radiative recombination in these as-synthesized QWs.26-29,
37

The time constants for the enhanced CdTe QW samples with PL ≥ 4.0% are notably longer

than those of the as-synthesized sample; those for the PL = 4.0(1)% sample are 0.55(5), 3.8(5),
26(3), and 245(11) ns. Since, the longest time constant, 245 ns, is nearly as long as the 300-ns
window over which the decay profiles could be recorded, the actual long-time dynamics are
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likely longer than 245 ns. TheAVG for this CdTe QW sample is 198(15) ns, which is a lower
limit of the PL lifetime. As illustrated in Figure 6-2(B), theAVG values increase dramatically for
the samples with increasing PL from <0.1% to 4% and are likely above ~200 ns for the higher
PL samples. Even with the experimental limit on measuring the longest timescales, the observed
PL lifetimes of the high PL CdTe QW samples are much longer than the ~25 ns radiative
lifetime of room-temperature CdTe.51, 52, 56-58
Despite the ~300 ns limit on the temporal collection window of the setup used when
recording the TRPLD data, an experimental upper limit to the PL lifetimes of the enhanced CdTe
QW samples can be set. The pulsed excitation used for acquiring most of the TCSPC data was at
20 kHz, or 50 s between pulses. All of the measured TRPLDs span at least three decades of
photon counts. Since no photons associated with the previous excitation pulse, only background
counts, were observed at times immediately prior to the next, triggered laser pulse, the PL
intensity has decayed by at least three orders of magnitude within 50 s. This corresponds to a
1/e lifetime of ~10 s. Additional experiments, summarized in Figure A4-8 of Appendix 4,
were also performed with higher repetition excitation rates and laser pulse fluences. No photon
counts from the previous pulse were observed for the enhanced samples with PL > 4% when
using a repetition rate of 40 kHz, or 25 s between pulses. Using a repetition rate of 160 kHz,
6 s between pulses, and higher, a small number of photons were observed from the previous
excitation pulse. The 40 kHz data suggest a maximum for the long-lifetime constant of 6 s
based on the three orders of magnitude sensitivity for detecting photon counts. Thus, a range of
(300K) = 242(10) ns to 6 s is established for the 1D excitons in the 9.0(3)% CdTe QW sample.
TRPLDs were also collected as a function of laser fluence for the PL < 0.1% and

PL = 9.0(3)% CdTe QW samples, summarized in Appendix 4. For the low PL < 0.1% sample,
the fluence was varied from ~2.9 to 382 nJ cm–2 pulse–1, corresponding to the generation of Nexc
= 0.02 to 2.6 excitons µm–1 pulse–1 along the CdTe QWs using estimates of the CdTe QW
absorption cross sections reported by Protasenko et al.59 The detected photon count rates scaled
linearly with excitation fluence, Figure A4-12(A) in Appendix 4, especially at the lowest
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fluences, <15 nJ cm–2 pulse–1. In addition, negligible variations in theAVG values and small
changes in the percent contributions were observed; the percent contribution of the short-time
component increased from 28(3)% to 39(5)% and that of the long-time component decreased
from 44(5)% to 34(4)% with increasing fluence. These results suggest that with increasing
excitation fluence, non-radiative carrier-carrier interactions, such as Auger relaxation, contribute
to the relaxation dynamics, and slightly shorter 1D exciton lifetimes result. For the PL
= 9.0(3)% CdTe QW sample, the excitation fluence was varied from ~1.3 to 10.2 nJ cm–2
corresponding to an increase in Nexc from 0.009 to 0.07 excitons µm–1 pulse–1. The detected
photon count rates for this sample also scaled linearly with excitation fluence, Figure A4-12(B)
in Appendix 4. No noticeable changes inAVG, the lifetime components, or the percent
contributions were observed over this fluence range.

6.4 Discussion
In order to aid in categorizing the differing dynamics that 1D excitons experience in the
CdTe QW samples, the lifetime components, obtained from fitting each TRPLD to a sum of
exponentials and summarized in Table A4-1 of Appendix 4, are binned into short-,
intermediate-, and long-timescales. Those lifetime components that are <10 ns are grouped in the
short-time bin. The intermediate-time bin includes lifetimes between 10 and 35 ns, a window that
spans the radiative lifetime estimated for CdTe QWs, ~25 ns. The long-time bin includes the
long-lifetime components, >35 ns. The percent contributions of the short-, intermediate-, and
long-time components for each sample are plotted in Figure 6-3 versus PL.
The short-time dynamics are associated with 1D excitons that non-radiatively recombine,
likely as they become localized in surface traps along the lengths of the QWs. The decrease of
the percent contribution of the short-time components to the total TRPLDs with increasing PL is
associated with the reduction in the number of surface traps on the QWs achieved through the
post-synthetic surface modification. The reduced density of surface traps results in a lower
probability for non-radiative relaxation and overall higher PL samples. The contribution of the
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Figure 6-3. Breakdown of the percent contributions within the PL intensity decay profiles. The time constants, obtained by
fitting the TRPLDs, were binned into short-, <10 ns (black), intermediate-, 10 – 35 ns (red), and long-time, >35 ns. The
percent contributions of these binned time constants are plotted versus the PL of each sample. The samples were excited at
2.76 eV, and the TRPLDs were recorded at the maxima of their respective PL spectra, ~1.7 eV.

intermediate-time component of the as-synthesized CdTe QW sample is ~45% of the total
TRPLD. This contribution also drops with increasing PL, down to <15% for the PL = 9.0(3)%
sample. The percent contributions of the long-time components dominate the TRPLDs of the
enhanced CdTe QWs, reaching 81.5% for the PL = 9.0(3)% sample. The vast majority of the 1D
excitons photogenerated in the well-passivated CdTe QWs have lifetimes that are at least an
order of magnitude longer than the radiative lifetime of room-temperature CdTe QDs.51, 52
The results of the PL lifetime experiments lead to two main conclusions. First, the
contributions of the short-time constants decrease with increasing PL, likely due to a lower
density of trap sites present on the QWs. While this is not surprising, additional experiments
were performed to probe the dependence of the short-time dynamics on the density of traps. The
density of traps near the band edge of a semiconductor is commonly characterized by an Urbachtail distribution that decays exponentially with energy below the band-gap energy of the
semiconductor.26 The PL spectra collected for these samples of CdTe QWs are broad enough that
1D excitons radiatively recombine at varying energies across the PL spectrum and these excitons
should sample different regions of the Urbach tail. The TRPLDs of the enhanced CdTe QW
sample with PL = 7.2(1)% were recorded at five different emission energies between 1.65 and
1.74 eV, with excitation at 2.76 eV; the TRPLDs recorded at emission energies of 1.65, 1.70, and
1.74 eV are included in Figure 6-4. The TRPLDs were fit to a sum of exponentials, Figure A4-6
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and Table A4-2 in Appendix 4. TheAVG values, Figure A4-7, increase slightly with decreasing
emission energies from 173(10) ns at 1.74 eV up to 220(15) ns at 1.65 eV. The TRPLDs, Figure
6-4, appear to be the same at long times across these emission energies, and it is only at the
shortest times that differences are noticeable, see inset in Figure 6-4. The amplitudes of the
shortest decay components diminish and the percent contributions of the short-time component
drop by ~50% with decreasing emission energies. These measurements confirm that there is a
dependence of the short-time dynamics on the density of surface traps.

Figure 6-4. PL lifetime data versus emission energy. The TRPLDs were recorded using an excitation energy of 2.76 eV and
are normalized to unity at 250 ns. The TRPLDs recorded at different emission energies reveal that the longer decay constants
are nearly identical. Inset: expanded view of the short-time scale of the normalized TRPLDs.

The second conclusion drawn from the PL lifetime experiments is that the lifetimes
measured for CdTe QWs with high PL, > 200 ns, exceed the radiative lifetime of CdTe QDs,

rad ~25 ns,51-56 which is estimated to be the radiative lifetime for CdTe QWs. These lifetimes are
significantly longer than those reported for other colloidal QW samples, <1 ns, which typically
have low PL.27-31, 33, 34 Following the absorption of a photon with energy well above the bandgap energy of a semiconductor QW, the photogenerated electron and hole quickly relax to the
lowest-energy quantum-confinement states in the conduction and valence bands, 1e and 1h.
The efficiencies of these relaxation processes are not perfect, however, as the densities of the
electron and hole quantum-confinement states, the surface passivation, and local environments of
the QWs all have roles in dictating the fraction of the charge carriers that reach the ground
states.49, 60, 61 It is important to emphasize that changes in the PL lifetimes result from dynamics
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of the charge carriers at the band edge, and have little or no dependence on the dynamics
incurred while relaxing to the ground state. In contrast, the PL of a sample does depend on both
the relaxation dynamics of the charge carriers to the band edge and their dynamics at the band
edge.49, 60, 61 Furthermore, long-lived trap states near the band gap have been shown to contribute
to extremely long multiexponential PL lifetimes in QDs and quantum platelets (QPs), despite the
samples having high PL values and typical radiative lifetimes.62-65 Because of these dynamics,
𝜏
the commonly used relationship 𝛷𝑃𝐿 = PL⁄𝜏rad and measurements of the PL and PL of a
sample alone cannot be used to determine rad.
The Coulombic potential between an electron and hole in these 1D quantum structures is
typically greater than the thermal energy within the QWs at room temperature, and the electronhole pairs are stabilized as 1D excitons, characterized by the 𝜙(𝑧𝑒 − 𝑧ℎ ) hydrogenic
wavefunctions.23-25 These 1D excitons can possess translational kinetic energy and wave vectors
along Z, behaving as free waves according 𝑒 ±𝑖𝑘𝑒𝑥𝑐 𝑍 with a kinetic energy distribution and
possible kexc values dictated by the temperature of the sample. As stated, the dynamics probed
when measuring the TRPLDs of the CdTe QW samples are those of the 1D excitons near the
band edge. These exciton dynamics are likely not coherent over the entire timescale of the
observed PL lifetimes as the electron-hole pairs are photogenerated well above the band edge
states, and extensive coupling with phonon modes must occur during the carrier relaxation and
thermalization of the excitons. Consequently, factors and dynamics associated with exciton
coherence lengths are not considered. As the density of surface trap states is decreased, the fast
non-radiative pathways of the 1D excitons are minimized, and the QWs approach the limit of a
particle-in-a-cylinder system and longer lifetimes are expected and observed. What at first may
seem surprising is that theAVG values of the TRPLDs measured for those samples with PL > 1%
extend well beyond the estimated radiative lifetime for CdTe QWs, ~25 ns.
This apparent contradiction can be explained by the thermal distribution of the kexc
values, or similarly of the momentum, that a majority of the 1D excitons will have in ideal QWs.
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The average value of the 1D exciton wave vector, kexc, obtained by averaging over the thermal
distribution for a specific temperature, T, is characterized by:
2𝜋 3 𝑀𝑘B 𝑇

𝑘exc (𝑇) = (

ℎ2

1⁄
2

)

5 2𝜋 3 𝑀𝑘B 𝑇

or 𝑘exc (𝑇) = 8 (

ℎ2

)

1⁄
2

,

The first expression for kexc ignores the exciton degeneracy,66 and the second expression includes
the degeneracy.67 These expressions assume the electron-hole pairs are bound together as
excitons at room temperature. Using an effective exciton mass of M= 0.906*me 68 and
considering T = 300 K, kexc = 6.95  108 m–1 or 4.34  108 m–1 for the two expressions. In
comparison, the wave vector of the photon emitted during radiative recombination is 𝑘ph =
2𝜋⁄ = 8.62  106 m–1 for emission at 1.70 eV (729 nm). The value of kph for 1D excitons in
𝜆
room-temperature CdTe QWs (average diameter = 6.7 nm) is orders of magnitude less than kexc.
As a result, most of the 1D excitons that are acting as free waves cannot radiatively recombine
due to the requirement that total wave vector (and momentum) of the QW system must be
conserved. Instead, only those excitons with very small wave vectors, kexc ~9  106 m–1, can
radiatively recombine. Some variations away from this wave vector value can occur as phonon
coupling can provide additional permitted wave vectors. The 1D excitons in nearly ideal QWs
can have low values of kexc when they become localized in exciton trap sites or when they
experience a scattering event that would give an instantaneous kexc (and momentum) near zero.
These excitons with kexc ~0 should have lifetimes close to the radiative lifetimes, ~25 ns, or
shorter and are associated with signals in the TRPLDs that fall within the intermediate-time bin.
The increase in exciton lifetimes due to conservation of wave vector and momentum
constraints have been identified in GaAs/Ga1–xAlxAs 2D quantum well systems.69, 70 An estimate
for the lifetime of 1D excitons, neglecting phonon coupling, is given by

(𝑇) =

𝑘exc (𝑇)
𝑘ph

rad .

Using the two expressions for kexc(T), estimates of the 1D exciton lifetimes are (300K) = 80rad
and 50rad. Estimating rad to be ~25 ns, these simple models predict room-temperature 1D
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exciton lifetimes to be in the range of (300K) ~1 – 1.6 s for the enhanced CdTe QWs due to
the conservation of wave vector and momentum.
Extremely long multiexponential PL lifetimes, spanning beyond ms timescales, have
been reported for CdSe and CuInS2 QDs62-64 and CdSe QPs,65 and convincing evidence was
provided for the role of an alternative delayed-emission mechanism in these systems. In this
delayed emission mechanism, there is a competition between prompt radiative recombination
and the localization of either the electrons or holes in shallow surface traps that are nearly
isoelectronic with the conduction or valence band edges. The trapped charge carriers can re-enter
the semiconductor nanoparticle after a non-statistical time and radiatively recombine with the
other charge carrier. This delayed-emission mechanism can occur even in systems with very high

PL values. The rates for the trapping and detrapping processes are much smaller than the rate
for radiative recombination, however, and the contributions from the delayed emission that result
from detrapping require very long excitation times to become appreciable in the TRPLDs.64 In
addition, the ratio of the delayed emission intensity to prompt, radiative emission intensity
increases with excitation fluence since the prompt emission follows a linear dependence and the
delayed emission exhibits a sublinear dependence with fluence.64
For several reasons, the long 1D exciton lifetimes observed in the enhanced CdTe QW
samples cannot be attributed to the delayed-emission mechanism. First, the limit of the longest
lifetime component of the 1D excitons in CdTe QWs is 6 s, and the lifetimes do not appear to
increase with higher excitation fluences, as would be expected for delayed-emission. Second, the
excitation pulses implemented here have durations of ~130 fs, which are orders of magnitude
shorter than those used in the delayed emission studies.64 Recall, the long-lifetime component of
242(10) ns measured for the PL = 9.0(3)% sample comprises 81(7)% of the detected TRPLDs.
It is unlikely that 81(7)% of the photogenerated charge carriers could become trapped
considering the small trapping rates associated with the delayed-emission mechanism.64 Third,
the contribution from the delayed emission was observed to decrease in comparison to that of the
prompt emission with increasing excitation fluence in the delayed-emission mechanism studies.64
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Here, excitation fluences are typically <15 nJ cm–2 pulse–1, which are orders of magnitude less
than utilized by Marchioro et al.,64 and it is again unlikely that an 81(7)% contribution to the
long-lifetime could be achieved for the PL = 9.0(3)% sample via trapping and detrapping.
Finally, exciton-phonon coupling should be stronger for delayed emission than for prompt
emission, and the breadth of the PL spectrum should increase with the exciton-phonon
coupling.65 No changes were observed in the breadths of the CdTe QW PL spectra recorded for
samples with PL <0.1% up to 9.0% and average lifetimes ranging from 5.4(5) ns up to
207(14) ns.

6.5 Conclusions
In summary, CdTe QWs with ensemble PL values up to 9% were prepared using a postsynthetic enhancement technique to better passivate the QWs surfaces and reduce non-radiative
dynamics. The TRPLDs for these samples are multiexponential with components associated with
competing relaxation pathways. The short-time components are associated with non-radiative
relaxation of the 1D excitons. The intermediate-time components are associated with radiative
relaxation of excitons with nearly zero wave vectors, kexc ~0, that are localized in trap sites. The
long-time components are associated with 1D excitons that are behaving as free waves, 𝑒 ±𝑖𝑘𝑒𝑥𝑐𝑍 ,
that have non-zero wave vectors, kexc  0. The average PL lifetimes are >200 ns for the samples
with high PL values, which is much longer than the estimated radiative lifetime of CdTe QWs,
~25 ns. The extended lifetimes of these thermally excited 1D excitons result from the
conservation of wave vector and momentum. The abilities to synthesize semiconductor QWs
with high physical and optical qualities, as evidenced by high PL values, and with very long
charge-carrier lifetimes offer significant promise for improving the efficiencies of PV devices
that incorporate semiconductor quantum materials.
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Chapter 7:
Conclusions and Future Experiments
7.1 Conclusions
Two trends of excitation energy dependence (EED) were observed to occur in samples of
NPs with various geometries. A broad EED was measured in the majority of samples in which
the radiative efficiencies of the samples decreased with increasing excitation energy. This trend
was attributed to an increase in charge carrier removal from the VB and CB during intraband
relaxation due to an increase in nonradiative trapping at higher energies. A second EED trend
was also observed and characterized by localized energetic minima within the Eff spectra. These
minima were typically energetically between prominent transitions that excite carriers into the
conduction and valence band. These localized minima were attributed to an increase in excitation
to coupled states at specific energies that yield a higher probability for nonradiative trapping. It
was further shown that excitation-dependent transitions such as these can produce the EED trend
observed and that intraband trapping of the charge carriers cannot produce the same effect within
the photoluminescence efficiency spectra.
These findings suggest that there is an EED in the radiative efficiencies of the NP
samples, but additional studies are needed to determine the exact cause(s) for each trend. Using
previously reported results1 and inferring from surface-modified samples presented in
Chapter 3, it is proposed that the EED may arise from primarily surface-related nonradiative
sources, however, sample specific syntheses and sample preparation methods can also play a role
in the EED measured. Surprisingly, little dependency on the density of states (DOS) was
observed when comparing EED trends across the differing geometries of the NPs. The larger
energetic distribution of the DOS in QWs and QPs in comparison to QDs could, in theory, yield
minimal EED, however, localized minima were observed in all samples and radiative efficiencies
were decreased with increasing energy for most samples. Again, the large surface-to-volume
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ratio for these samples increases the sampling of the charge carriers wavefunctions with the
surface indicating that an improved understanding of the surface is necessary to remove the EED
of these samples.
A model to separate transient absorption (TA) signals related to carrier occupation within
the quantum-confinement states of CdTe QWs, from TA signals that were produced by probing
the quantum-confinement states was also introduced. This quantum-state renormalization (QSR)
effect was accounted for using a simple energetic shifting of the sample absorption spectrum. By
energetically shifting the spectrum relative to the ground-state absorption spectrum, the TA
signals arising from QSR within the TA spectra were accurately accounted for using two
parameters. The C(t) parameter, was determined to be proportional to the total population of
carrier excited by the excitation pulse, and decayed proportional to the bleach signal of the band
edge population observed in the TA measurements. The energetic shifting of the quantumconfinement states, EQSR(t), was determined by fitting the TA data at times after intraband
relaxation; with Eexc = 2.75 eV, the EQSR(t) was determined to be –13(1) meV, when carriers
occupied the band edge. Additional energetic-shifting, at the shortest time delays, were observed
for each of the occupancy features. Higher-energy quantum-confinement states had a larger
shifting (up to ~75 meV), as determined from the occupation spectra of the TA dataset.
The QSR model was applied to the TA data of CdTe QWs to determine the occupation
spectra of CdTe QWs when exciting at 2.26 and 2.75 eV and the intrandband and interband
dynamics of charge carriers were investigated. From the QSR fitting of the TA datasets, the

EQSR was determined to be –12(2) meV when carriers occupied the band edge using an
excitation energy of 2.26 eV. This result further indicated that the QSR effect is specific to the
quantum-confinement state the carriers occupy at a given time delay. For these CdTe QWs, we
observed differing relaxation times for holes and electrons within the QWs. Hole relaxation
occurred within the instrument response of our TA system (200 fs) regardless of the two
excitation energies utilized. Slower relaxation of the electron was observed with a lifetime
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constant of ~1.2 and ~0.6 ps when exciting at 2.75 and 2.26 eV, respectively. From these
lifetimes, it was concluded that the rate of electron relaxation for both Eexc were similar to
phonon-scattering observed in bulk semiconductors. This finding is consistent with the removal
of holes during intraband relaxation and increased dimensionality of the material decreasing the
ability for carriers to undergo two-body Auger-relaxation. Lastly, the dynamics of the quantumconfinement states allowed us to assign three total transitions within the CdTe QW absorption
spectrum that involve hole states and the 1 quantum-confinement state.
Further investigations of interband relaxation dynamics of CdTe QWs were performed on
samples of QWs with low PL (<1%) and high PL values up to 9% when exciting at 2.75 eV via
time-correlated single photon-counting measurements. The average lifetime (AVG) of the low

PL sample was determined to be ~5 ns. The time-resolved photoluminescence decays
(TRPLDs) of enhanced CdTe QWs were observed to increase with the ensemble PL value with
an additional long-lived exponential decay component within these samples. Analyses of the
TRPLDs revealed that the percent contribution of the long-lived component constituted up to
85% of the carrier lifetime. Additionally, the charge carriers were determined to have a AVG at
the band edge that was ~1.5x longer than in the as-synthesized CdTe QWs. We proposed that
within these enhanced QWs, the removal of surface-related charge carrier trapping resulted in
ballistic movement of the band-edge excitons. Due to conservation of momentum, these moving
carriers remained suspended within the continuum of band-edge states until trapping or
scattering events yield a momentum with k ~0. This conservation of momentum acted to increase
the average lifetime of the charge carriers within the QW system.

7.2 Future experiments
In regards to future EED studies, a comprehensive understanding of the binding energies
of the surface ligands relative to the conduction and valence band of the quantum confinement
states of the NPs would be highly beneficial. Additional experiments using known surface-
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modification techniques could help elucidate if surface-coupled transitions impact the energetic
location and intensities of the localized minima observed in the EED spectra. L-to-Z type ligand
exchange[refs] would be a beneficial surface modification to perform on QD2, 3 and twodimensional (2D) NPs,4-6 since the surface-binding chemistry and orientation of ligands is
relatively well understood. Additionally, measuring the EED of QPs or quantum belts with a true
2D DOS would further establish that the DOS has little effect on the EED.
Application of the QSR model to separate the TA signals and obtain accurate chargecarrier occupation intensities opens the door for a wider characterization of NP relaxation
dynamics. Finding different systems to apply the QSR model to should be of the utmost
importance. The enhanced CdTe QWs presented in Chapter 3 and Chapter 6 are an obvious
next step for studying how the intraband relaxation dynamics (IRD) vary based on differences in
carrier interactions and surface-modifications in NP systems. The increased PL values of these
samples have been shown to exhibit increased interband relaxation times, however, an
understanding pertaining to the differences in the IRD between as-synthesized and enhanced
CdTe QW samples is not currently known. Comparison of the IRD differences between the assynthesized and enhanced samples would also allow for an examination of surface-mediated
relaxation pathways that may impact the relaxation rate(s) of electrons and holes. A
comprehensive study that investigates how the EQSR(t) varies with dimensionality and the
semiconductor material may further establish underlying QSR effects within NPs.
Lastly, the evidence for ballistic movement of charge carriers resulting in long-lived
excitons in the enhanced CdTe QW system could be investigated with additional spectroscopic
methods. As already indicated, TA spectroscopy would be useful to validate the long lifetimes
observed in the time-correlated single-photon counting measurements. Additionally, single-QW
microscopy measurements would be useful in determining that ballistic movement occurs in high

PL QWs. We have shown that, in theory, conservation of momentum predicts long-lived
excitons with lifetimes greater than the radiative lifetime of the system. The use of localized
177

excitation at one end of the QW while monitoring PL across the entire length of the wire would
provide additional experimental evidence.
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Appendix 1.
Supporting Information for:
Excitation energy dependence on the
photoluminescence quantum yields in
semiconductor nanomaterials of varying
geometry
A1.1. Synthesis of nanomaterials
CdSe quantum dots. Wurtzite (W) CdSe quantum dots (QDs, ~5.7 nm diameter) were
synthesized using procedure previously reported by Qu, et al1 with slight modification as
described.2 Briefly, cadmium precursors, cadmium acetate (10 mg) and cadmium stearate (90
mg) were loaded into a reaction tube with oleylamine (OA, 406 mg) and tri-n-octylphosphine
oxide (TOPO, 5.3 g) in a glovebox. An injection of tri-n-octylphosphine selenide (164 mg)
dispersed in tri-n-octylphosphine (TOP, 404 mg) was prepared in a glove box. The reaction tube
was degassed at 100 °C on a Schlenk line for ~30 minutes and heated to ~304 °C at which point
the selenium precursor was injected. The reaction allowed to proceed for 2.5 minutes. The
sample solution was cooled and stored in a nitrogen purged glove box.
CdSe quantum platelets. W CdSe quantum platelets (QPs, ~1.8 nm thick, ~10 nm wide,
and ~50 nm in length) were synthesized following a previously reported technique3 with slight
modification. Di-n-octylamine (5.7 g) was loaded into a reaction tube with cadmium acetate (65
mg) and purged with nitrogen. A selenium precursor containing dissolved selenourea (50 mg) in
n-octylamine (1.2 g) was injected under ambient temperature and the solution was allowed to
react for 48 hours. The reaction tube was then added to an oil bath (70 °C) for 40 minutes which
over time the initial yellow solution changed to red. TOP (~0.4 mL) was added to remove excess
Se atoms within the solution. The product was centrifuged and supernatant decanted. The
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remaining bundled QP precipitate was dispersed in a 1:1 (v/v) mixture of OA and toluene. The
addition of OA was used to promote the unbundling of CdSe QPs. The solution was stored in a
nitrogen purged glove box prior to our spectroscopic studies.
CdTe quantum wires. CdTe quantum wires (QWs, ~6.0 nm diameter) depicted in
Figure 3-1(C) were synthesized using a previously reported bismuth catalyzed solution-solidsolid protocol4 that produced CdTe QWs with predominately W crystal phase.5 Cd(di-noctylphosphinic acid)2 (31 mg) was loaded into a reaction tube. Purified TOPO (4.2 g) was
added to the reaction tube and degassed on a Schlenk line using N2 gas. The reaction tube was
held above a 300 °C salt bath and the external temperature at the bottom of the reaction tube was
~100 °C. The degassing procedure continued for one hour with stirring. After degassing, the
reaction tube was submerged into the bath causing the temperature of the salt bath to decrease to
293 °C. The reaction tube was allowed to equilibrate for 5 minutes at which point an injection
consisting of TOP telluride (0.90 g, 0.025 mmol Te/1 g TOP), TOP doped with di-noctylphosphine (101 mg, 1% DOP impurity by weight), and 6.3 nm bismuth nanoparticles (21
mg) was added to the reaction tube. The reaction tube was removed from the salt bath after 2
minutes, and immediately loaded into a glove box. The contents of the reaction tube were
transferred to a vial and dried toluene (4.6 g) was added. All samples of CdTe QWs used for
measurements were subsequently prepared in the glove box.
The enhanced CdTe QWs (7.4 nm diameter ) depicted in Figure 3-1(D) were synthesized
using a solution-liquid-solid protocol6 that produced CdTe QWs with alternations of zinc blende
(ZB) and W crystal structure. Briefly, cadmium oxide (15 mg) and octadecylphosphonic acid (50
mg) were loaded into a reaction tube containing purified TOPO (5 g) and degassed under
nitrogen environment on a Schlenck line. A separate vial containing tri-n-octylphosphine (1.25
g) and 12.4 nm bismuth nanoparticles (25 mg) were prepared in a glove box. The reaction tube
containing the cadmium precursor solution was placed in a salt bath (340 °C) and equilibrated
for five minutes, at which point, the salt bath temperature was lowered to 275 °C. A tellurium
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precursor solution containing tellurium and TOP was then injected into the reaction tube and
allowed to react for five minutes and immediately removed from the salt bath. The reaction tube
was loaded into a glove box and dried toluene (~4 g) was added. The solution was transferred to
a vial for storage.
The core CdTe QWs (6.8 nm diameter) in Figure 3-4(B) were synthesized in a reaction
tube loaded with cadmium oxide (15 mg), oleic acid (100 mg) tridecylphosphonic acid (12 mg),
and di-n-octylphosphinic acid (12 mg). TOPO (4.2 g) was added to the reaction tube and
nitrogen purged on a Schlenk line. A separate vial containing TOP telluride (750 mg) and 10.3
nm bismuth nanoparticles was prepared in a glove box. The reaction tube was heated above a salt
bath at ~320 °C for 80 minutes with stirring and the reaction tube was vacuum pumped/purged
with N2. The temperature was decreased to 250 °C and equilibrated for five minutes. The
tellurium precursor solution was then injected into the reaction tube and the reaction proceeded
for 5.5 minutes. The reaction tube was immediately removed from the salt bath and loaded into a
glove box. The reaction mixture was diluted with dried toluene (3 mL) and transferred into a
vial.
Photoluminescence, photoluminescence excitation, and quantum yield
measurements. The photoluminescence (PL) profiles, PL quantum yield (PL), and PL
excitation (PLE) data of CdSe QDs (Figure 3-1(A)), CdSe QPs (Figure 3-1(B) and Figure A41), and enhanced CdTe QWs (Figure 3-1(D) and Figure 3-4(B)) were collected on a home-built
fluorimeter which has been described previously.2 Data for CdTe QWs (Figure 3-1(C)) and
CdSe QDs (Figure 3-4(A)) were collected using a commercially available fluorimeter calibrated
with NIST standards.7 This system utilized a fiber-optic coupled integration sphere for obtaining
absolute PL values and described in Chapter 2.
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A1.2. Additional figures
Figure A1-1. Second-derivative of absorption and PL efficiency spectra

Figure A1-1. Smoothed second-derivatives of absorption (black) and PLEff(E) spectra (red) of samples plotted in Figure 3-1
and Figure A1-8. (A) CdSe QDs, (B) CdSe QPs, (C) CdTe QWs, and (D) enhanced CdTe QWs. Note, the y-axis values for
the second-derivative are inverted. Peak energies of the absorption spectra (black, dotted lines) and minima of the PLEff(E)
spectra (red, dotted lines) are provided for samples that have discernable features. The smoothed second-derivative data were
obtained from adjacent-point averaging of the absorption and PLEff(E) spectra see Figures A1-2 – Figure A1-5.
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Figure A1-2. Smoothing of CdSe quantum dot (~5.7 nm diameter) data

Figure A1-2. (A) absorption spectrum (gray) and 10-point adjacent average (black). (B) residuals of data smoothing in (A).
(C) second-derivative (gray) of the smoothed absorption spectrum in (A) and 10-point adjacent average (black). (D) residuals
of data smoothing in (C). (E) Eff(E) spectrum (gray) and 10-point adjacent average (red). (F) residuals of signal smoothing
in (E). (G) second-derivative of smoothed Eff(E) spectrum in (E) and 10-point adjacent average (red). (H) residuals of data
smoothing in (G). The y-axis values of the second-derivative are inverted in (C) and (G).
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Figure A1-3. Smoothing of CdSe quantum platelet (~1.8 nm thick) data

Figure A1-3. (A) absorption spectrum (gray) and 2-point adjacent average (black). (B) residuals of data smoothing in A). (C)
second-derivative (gray) of the smoothed absorption spectrum in (A) and 2-point adjacent average (black). (D) residuals of
data smoothing in (C). (E) PLEff(E) spectrum (gray) and 3-point adjacent average (red). (F) residuals of signal smoothing in
(E). (G) second-derivative of smoothed PLEff(E) spectrum in (E) and 2-point adjacent average (red). (H) residuals of data
smoothing in (G). The y-axis values of the second-derivative are inverted in (C) and (G).
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Figure A1-4. Smoothing of CdTe quantum wire (~6.0 nm diameter) data

Figure A1-4. (A) absorption spectrum (gray) and 10-point adjacent average (black). (B) residuals of data smoothing in (A).
(C) second-derivative (gray) of the smoothed absorption spectrum in (A) and 10-point adjacent average (black). (D) residuals
of data smoothing in (C). (E) Eff(E) spectrum (gray) and 10-point adjacent average (red). (F) residuals of signal smoothing
in (E). (G) second-derivative of smoothed Eff(E) spectrum in E) and 10-point adjacent average (red). (H) residuals of data
smoothing in (G). The y-axis values of the second derivative are inverted in (C) and (G).
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Figure A1-5. Smoothing of enhanced CdTe quantum wire (~7.4 nm diameter) data

Figure A1-5. (A) absorption spectrum (gray) and 10-point adjacent average (black). (B) residuals of data smoothing in (A).
(C) second-derivative (gray) of the smoothed absorption spectrum in (A) and 10-point adjacent average (black). (D) residuals
signal smoothing in (C). (E) Eff(E) spectrum (gray) and 10-point adjacent average (red). (F) residuals of signal smoothing in
(E). (G) second-derivative of smoothed Eff(E) spectrum in (E) and 10-point adjacent average (red). (H) residuals of data
smoothing in (G). The y-axis values of the second-derivative are inverted in (C) and (G).
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Figure A1-6. Smoothing of CdSe quantum dot (~4.1 nm diameter) data – included in
Figure 1-4(A)

Figure A1-6. (A) absorption spectrum (gray) and 5-point adjacent average (black). (B) residuals of data smoothing in (A).
(C) second-derivative (gray) of the smoothed absorption spectrum in (A) and 4-point adjacent average (black). (D) residuals
of data smoothing in (C). E) Eff(E) spectrum (gray) and 10-point adjacent average (red). (F) residuals of signal smoothing in
(E). (G) second-derivative of smoothed Eff(E) spectrum in (E) and 10-point adjacent average (red). (H) residuals of data
smoothing in (G). The y-axis values of the second-derivative are inverted in (C) and (G).
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Figure A1-7. Smoothing of enhanced CdTe quantum wire (~6.8 nm diameter) data –
included in Figure 1-4(B)

Figure A1-7. (A) absorption spectrum (gray) and 5-point adjacent average (black). (B) residuals of data smoothing in (A).
(C) second-derivative (gray) of the smoothed absorption spectrum in (A) and 4-point adjacent average (black). (D) residuals
signal smoothing in (C). (E) Eff(E) spectrum (gray) and 5-point adjacent average (red). (F) residuals of signal smoothing in
(E). (G) second-derivative of smoothed Eff(E) spectrum in (E) and 10-point adjacent average (red). (H) residuals of data
smoothing in (G). The y-axis values of the second-derivative are inverted in (C) and (G).
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Figure A1-8. Excitation energy dependence with absorption of solvents and ligands

Figure A1-8. Absorption (black) and PLEff(E) (red) for (A) CdSe QDs in toluene with absorption spectra of neat olyelamine (gray,
dashed) and tri-n-octylphosphine (gray), (B) CdSe QPs diluted in toluene/oleylamine (1:1 v/v) with neat absorption spectrum of
oleylamine (gray, dashed) (C) CdTe QWs in tri-n-occtylphosphine (gray), and (D) Enhanced CdTe QWs in tri-n-octylphosphine
(gray). The PLEff(E) spectrum (red) for each sample are plotted in (A)–(D).
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Figure A1-9. Comparison of photoluminescence efficiency and quantum yield values

Figure A1-9. Eff(E) spectrum (red) and PL values (purple, circles) for (A) CdSe QDs in toluene, (B) CdSe QPs in
toluene/oleylamine, (C) CdTe QWs in tri-n-octylphosphine, and (D) enhanced CdTe QWs in trio-n-octylphosphine. CdSe QPs
characterized in (B) have aged in comparison to the fresh sample and spectral data is slightly blue-shifted in comparison to the
absorption and PL spectra, see sample PL in Figure A1-11.
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Figure A1-10. PL decay profiles as a function of excitation energy, CdSe QDs

Figure A1-10. (A) TRPLD profiles of CdSe QDs using excitation energies of 3.06 eV (black), 2.92 eV (red), and 2.85 eV
(blue) detecting emitted photons with an energy of ~1.93 eV. Inset: absorption (black) and PL (blue) spectra of CdSe QDs.
Colored arrows indicate excitation energies used for time-resolved measurements. (B) PL (purple, circles) and AVG
(colored, squares) values plotted as a function of excitation energy. AVG values were obtained from the exponential fit
parameters of the TRPLD profiles in (A) and summarized in Table A1-1.
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Figure A1-11. PL decay profiles as a function of excitation energy, CdSe QPs

Figure A1-11. (A) TRPLD profiles of CdSe QPs using excitation energies of 3.02 eV (black), 2.95 eV (red), and 2.82 eV (blue)
detecting emitted photons with an energy of ~2.755 eV. Inset: absorption (black) and PL (blue) spectra of CdSe QPs. Colored arrows
indicate excitation energies used for time-resolved measurements. (B) PL (purple, circles) and AVG (colored, squares) values plotted as
a function of excitation energy. AVG values were obtained from the exponential fit parameters of the TRPLD profiles in (A) and
summarized in Table A1-2. We note that the CdSe QPs studied in our time-resolved measurements have aged relative to the fresh
sample reported in Figure 3-1(B) leading to a slight blue-shift of absorbance and PL values.
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Figure A1-12. PL decay profiles as a function of excitation energy, CdTe QWs

Figure A1-12. (A) TRPLD profiles of CdTe QWs using excitation energies of 3.06 eV (black), 2.92 eV (red), and 2.76 eV
(blue) detecting emitted photons with an energy of ~1.78 eV. Inset: absorption spectrum (black) and PL (blue) spectra of
CdTe QWs. Colored arrows indicate excitation energies used for time-resolved measurements. (B) PL (purple, circles) and
AVG (colored, squares) values plotted as a function of excitation energy. AVG values were obtained from the exponential fit
parameters of the TRPLD profiles in (A) and summarized in Table A1-3.
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Figure A1-13. PL decay profiles as a function of excitation energy, enhanced CdTe QWs

Figure A1-13. (A) TRPLD profiles of enhanced CdTe QWs using excitation energies of 2.76 eV (black), 2.71 eV (purple),
and 1.72 eV (blue) detecting emitted photons with an energy of ~1.69 eV. Inset: absorption spectrum (black) and PL (blue)
spectra of enhanced CdTe QWs. Colored arrows indicate excitation energies used for time-resolved measurements. (B) PL
(purple, circles) and AVG (colored, squares) values plotted as a function of excitation energy. AVG values were obtained from
the exponential fit parameters of the TRPLD profiles in (A) and summarized in Table A1-4.
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A1.3. Tables of fit parameters
Table A1-1: Fit parameters of PL intensity decay profiles, CdSe QDs

AVG

Excitation
Energy (eV)

A1

τ1
(ns)

A2

τ2
(ns)

A3

τ3
(ns)

A4

τ4
(ns)

3.06

0.067(4)

3.5(2)
[0.82(8)]

0.26(4)

16(1)
[15(3)]

0.59(4)

32(1)
[66(6)]

0.07(1)

77(3)
[19(3)]

38(3)

2.98

0.061(2)

2.3(9)
[0.5(2)]

0.22((2)

13.8(7)
[11(1)]

0.64(2)

30.6(7)
[68(4)]

0.078(8)

76(2)
[20(2)]

38(2)

2.92

0.053(1)

1.7(1)
[0.32(2)]

0.14(1)

9.4(3)
[4.7(3)]

0.70(1)

27.9(2)
[69(2)]

0.103(4)

69(1)
[25(1)]

37(1)

2.85

0.053(2)

2.2(1)
[0.4(2)]

0.27(3)

15.0(6)
[15(2)]

0.61(2)

31.8(9)
[66(4)]

0.072(1)

79(3)
[19(1)]

39(2)

(ns)

() standard error from fitting
[] percent contribution

Table A1-2: Fit parameters of PL intensity decay profiles, CdSe QPs
AVG

Excitation
Energy (eV)

A1

τ1
(ns)

A2

τ2
(ns)

A3

τ3
(ns)

A4

τ4
(ns)

3.02

0.73(1)

1.02(1)
[36(2)]

0.29(1)

3.1(1)
[44(3)]

0.022(4)

14(2)
[15(4)]

0.0012(4)

83(12)
[5(2)]

7.8(1.4)

2.95

0.56(1)

0.77(1)
[23(1)]

0.431(6)

2.29(4)
[53(2)]

0.032(2)

10.0(6)
17(2)

0.0020(4)

64(10)
7(2)

7.5(1.0)

2.88

0.51(1)

0.70(1)
[18.7(6)]

0.461(4)

2.15(2)
[52(1)]

0.043(2)

9.0(3)
[20(1)]

0.0030(3)

57(5)
[9(1)]

8.2(1)

2.82

0.42(1)

1.00(1)
[16.2(8)]

0.514(7)

2.45(3)
[49(2)]

0.067(2)

9.2(2)
[24(1)]

0.0054(2)

54(2)
[11(4)]

9.6(0.5)

() standard error from fitting
[] percent contribution
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(ns)

Table A1-3: Fit parameters of PL intensity decay profiles, CdTe QWs

A1

τ1
(ns)

A2

τ2
(ns)

A3

τ3
(ns)

0.35(1)

0.131(3)
[5.2(3)]

0.449(8)

0.42(2)
[22(2)]

3.06
2.98

0.25(1)

0.101(3)
[2.8(2)]

0.470(6)

2.92

0.47(2)

0.177(4)
[9.6(7)]

2.85

0.336(8)

2.75

0.38(1)

Excitation
Energy (eV)

A4

τ4
(ns)

0.158(9)

1.45(8)
[26(2)]

0.34(1)
[18(1)]

0.221(6)

0.37(1)

0.50(2)
[21(2)]

0.114(2)
[4.2(2)]

0.476(5)

0.128(3)
[5.5(3)]

0.430(8)

AVG

A5

τ5
(ns)

0.044(3)

5.7(3)
[29(3)]

0.0051(6)

31(3)
[18(3)]

7.7(8)

1.15(3)
[29(1)]

0.054(2)

5.1(1)
[31(1)]

0.0057(3)

29(1)
[19(1)]

7.6(3)

0.136(7)

1.9(1)
[30(3)]

0.028(3)

7.4(7)
[24(4)]

0.0041(8)

33(4)
[16(4)]

7.6(1.1)

0.435(9)
[22(1)]

0.148(4)

1.70(7)
[28(2)]

0.040(2)

6.3(4)
[27(2)]

0.0054(6)

32(3)
[19(3)]

8.2(7)

0.42(1)
[20(1)]

0.153(6)

1.58(8)
[27(2)]

0.041(3)

6.1(4)
[28(3)]

31(3)
[19(3)]

8.1(9)

0.0054(7)

() standard error from fitting
[] percent contribution

Table A1-4: Fit parameters of PL intensity decay profiles, enhanced CdTe QWs

AVG

Excitation
Energy (eV)

A1

τ1
(ns)

A2

τ2
(ns)

A3

τ3
(ns)

2.75

0.357(3)

3.36(6)
[3.3(1)]

0.397(3)

23.4(3)
[25.4(5)]

0.202(3)

129(1)
[71(1)]

98(2)

2.71

0.356(4)

3.32(8)
[3.0(1)]

0.401(3)

23.7(4)
[24.4(6)]

0.213(3)

133(2)
[73(2)]

103(2)

1.74

0.40(1)

2.9(2)
[2.9(2)]

0.36(1)

23(1)
[20(1)]

0.25(1)

125(4)
[77(5)]

101(6)

1.72

0.46(1)

3.3(1)
[3.6(2)]

0.357(8)

29(1)
[25(1)]

0.22(1)

136(5)
[72(5)]

105(6)

() standard error from fitting
[] percent contribution
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(ns)

(ns)
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Appendix 2.
Supporting Information for:
Separation of Quantum-state
Renormalization from Charge-carrier
Dynamics in Semiconductor Quantum
Nanoparticles
A2.1. CdTe QW sample
Figure A2-1. TEM images of CdTe QWs

Figure A2-1. (A) Low-resolution and (B) high-resolution TEM images of the sample of CdTe QWs. The CdTe QWs
have mixed-phase crystallinity composed of 59(11)% wurtzite and 41(11)% zinc blende phases, an average diameter
of 7.5(9) nm, and lengths spanning from 1 to 10 m.

Extinction spectra were collected using Lambda 950 absorption spectrometer coupled with an
integration sphere to collect forward-facing scattered light. CdTe QWs were diluted in dry
toluene in a sealed 1 cm quartz cuvette. Absorption measurements were collected using slit
widths of 3 nm, step sizes of 1 nm, and an integration time of 0.4 s.
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Correcting absorption spectra for scattering contributions. The extinction spectra of
semiconductor nanoparticles (NPs) often contain background signals associated with optical
scattering due to the large volumes of the NPs. Although the use of a scattering sphere to collect
light scattered in a forward direction minimizes the contributions from scattering, the small
amount of light scattered in the backwards directions are still present. The extinction spectra of
semiconductor NPs should be carefully scrutinized to identify the presence of scattering losses.
The extinction spectra should be recorded over broad energy or wavelength regions so that
regions lying energetically well below the band gap of the material. At these low energies, the
only losses should be from scattering, which has a dependence proportional to photon energy,
Eph, or wavelength, , given by,
Scattering(λ) = y0 + A  –4 ,

Eq. A2.1

where y0 is an instrumental baseline offset and A is a proportionality constant related to the
material and volume of the NPs. The extinction spectrum should be fit to the scattering equation
for energies below the band gap, and the obtained scattering component should be subtracted
from the entire spectrum to obtain a “clean” absorption spectrum.
The extinction spectrum of the CdTe QWs is included in Figure A2-2, black. The
scattering equation was fit to the extinction spectrum between 1.55 and 1.62 eV, using the
parameters y0 and A. The obtained scattering component, red, was then subtracted from the
extinction spectrum to obtain the “clean” absorption spectrum, blue.
Photoluminescence and PL measurements. The photoluminescence (PL) spectrum of
the CdTe QWs was recorded using a Nanolog-3 (Horiba) spectrofluorometer as described in
Section 2.1 of Chapter 2. Slit widths of 3 nm and an integration time of 0.5 s were used during
the PL measurement with excitation at 2.75 eV. The peak of the PL spectrum is Stokes shifted by
~26 meV from the peak of the lowest-energy absorption feature, Figure A2-3. The PL of these
CdTe QWs is weak, and an ensemble PL quantum yield, PL of just ~0.20% was measured at
this excitation energy. PL measurements were performed as described in Section 2.2.1 of
Chapter 2 using the 4-curve method for collecting and calculating PL values for low PL value
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samples of CdTe QWs. Slit widths of 3 nm, step sizes of 1 nm, and an integration time of 0.5 s
were used to collect the PL data for this sample.

Figure A2-2. Correction of extinction spectrum for scattering to obtain “clean” absorption
spectrum

Figure A2-2. UV-visible extinction spectrum (black), scattering contribution (red) obtained by fitting the extinction
spectrum below 1.6 eV, and absorbance spectrum (blue) of CdTe QWs dispersed in dry toluene are plotted as a function of
excitation energy.

Figure A2-3. Absorption and PL spectra, CdTe QWs

Figure A2-3. Absorbance (black) and PL (red) spectra of CdTe QWs dispersed in dry toluene. The PL spectrum was
collected by exciting the ensemble of CdTe QWs at an excitation energy of 2.75 eV, and the PL was determined to be just
0.20(3)%.
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A2.2. Details of transient absorption spectroscopy
experiments
Transient absorption (TA) data were recorded using a commercial instrument. A sealed
0.2 cm quartz cuvette was used for the TA experiments, and the concentration of the CdTe QWs
was kept <0.08 at the excitation energy, 2.75 eV. The samples were stirred using a magnetic stir
bar. The intensities of the narrow band excitation, or pump, and broad-bandwidth probe pulses
were adjusted using neutral density filters. TA dataset were collected using variable time delay
step sizes. From –0.25 – 3.5 ps, a step size of 0.093 ps was used. Additional step sizes were 0.2
ps steps from 3.5 – 13.5 ps, 0.8 ps steps from 13.5 to 61.5 ps, 20 ps steps from 61.5 – 941.5 ps,
and 100 ps steps from 941.5 – 7341.5 ps. Low excitation fluence TA datasets were averaged
from five individual measurements taken at each time delay. The averaged TA datasets were
chrip-corrected as described in Section 2.5 of Chapter 2. Lastly, the instrument response of the
measurements was ~200 fs based on signals from the optical Kerr effect induced in a quartz
coverslip placed at the position of the sample.
Excitation fluence measurements. The excitation fluence was accurately measured for
all TA measurements. Briefly, a razor blade was positioned perpendicularly in the excitation
pulse path at the sample location. The razor blade, mounted on a translational stage, was moved
perpendicularly across the beam path, and the pulse energies were recorded as a function of razor
blade position. A typical profile is included in Figure A2-4. The energy-profile data were fit to a
complementary error function. The half-width at half-maximum of the fitted profile was used as
the excitation radius to calculate the spot-size at the sample.
The excitation fluence was then calculated using:
𝜇𝐽

𝐸𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝐹𝑙𝑢𝑒𝑛𝑐𝑒 (𝑐𝑚2 𝑝𝑢𝑙𝑠𝑒) =

𝑛𝐽
)
𝑝𝑢𝑙𝑠𝑒
𝑆𝑝𝑜𝑡−𝑆𝑖𝑧𝑒 (𝑐𝑚2 )

𝑃𝑢𝑙𝑠𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 (

.

While experiments were performed with varying excitation fluences, 9.7 to 57 J cm–2
pulse–1, to check for influences from carrier-carrier interactions, the data presented in the
Chapter 4 were all recorded using a fluence of 9.7 J cm–2 pulse–1.
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Figure A2-4. Energy profile of excitation pulse

Figure A2-4. The pulse energy measured at each position of the razor blade is plotted as black, open circles. The excitation
photon energy was 2.75 eV. The pulse energies were fit to an inverse error function, red line.

Figure A2-5. Short-time TA spectra as a function of pump fluence

Figure A2-5. The TA data collected at 9.7 (blue), 17.3 (red), and 57 (black) µJ cm–2 pulse–1 and at a temporal delay between
the excitation pulse (2.75 eV) and the probe pulse of t = –0.05 ps are plotted above. The TA data collected with
fluences <20 µJ cm–2 pulse–1 exhibit only slight changes in the relative intensities of the induced-absorption and bleach
signals.
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A2.3. QSR fitting of high-energy transient features as a
function of time
Figure A2-6. Select fits of the QSR contributions to the TA data

Figure A2-6. (A) High-energy region of the TA spectra collected at varying time delays. The relative amplitudes of the
observed induced-absorption and bleach signals remain constant in these spectra. (B)-(E) include fits (gray) of
AbsQSR(E,t) = C(t) [Abs(E – EQSR(t)) – Absss(E)] to the TA spectra (color). Both C(t) and EQSR(t) were used as fitting
parameters, and the obtained values are shown.
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The QSR contributions to the TA data were obtained using both extinction and
absorption spectra of the CdTe QWs to illustrate the importance of removing all scattering
components from the excitation spectrum used in the fitting. As shown in Figure A2-7, it is not
possible to correctly fit the entire spectral region when the extinction spectrum is used in the
model.

Figure A2-7. Comparison of QSR fitting with and without scatter-correction

Figure A2-7. (A) Extinction spectrum of the CdTe QWs that contains a scattering component. (B) The QSR model using the
extinction spectrum in (A) does not properly fit (red) the high-energy TA features (black). (C) The absorption spectrum
obtained by removing the scattering component from the extinction spectrum. (D) The QSR model using the absorption
spectrum in (C) results in a much better fit (blue) of the TA data (black).
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A2.4. Carrier population and the C(t) function
Figure A2-8. 1 TA profile and C(t) factors

Figure A2-8. Comparison of C(t) factors and 1 decay profiles at short, (A), middle, (B), and long, (C), time windows. The
1 decay profile (black) at ~1.71 eV was collected using excitation at 2.75 eV. The TA data has been inverted for
presentation. The decay profile is scaled to the C(t) factors (blue, open circles) that were obtained by fitting the TA data, as
described in the main text.
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Figure A2-9. 1 decay profile

Figure A2-9. The growth and decay of the 1 TA signal (black) was monitored at ~1.71 eV and collected using 2.75 eV
excitation. The TA data has been inverted for presentation. The inset is an expanded region of the TA data. The 1 TA
profile was fit using the sum of an exponential rise and four exponential decays (red). The fitting parameters obtained from
the fit are included in Table A2-1.

Exponential Fitting. Lifetime constants for carrier relaxation associated with those transitions
within the 1 TA feature were obtained by fitting the temporal profile to an exponential rise and
a sum of four exponential decays convoluted with a Gaussian instrument response function (IRF)
with a FWHM = 200 ns. Specifically, the equation used for the fitting is:

𝛥𝐴𝑏𝑠1 (𝑡) = IRF  [∑

4
𝑖=1

(𝐴i 𝑒𝑥𝑝(−𝑡⁄𝜏i )) − 𝐴rise 𝑒𝑥𝑝(−𝑡⁄𝜏rise )]

Table A2-1. Fit Parameters of 1 decay profile
Arise

rise (ps)

A1

1 (ps)

A2

2 (ps)

A3

3 (ps)

A4

4 (ps) AVG (ps)

6.8(1)E–3 0.389(4) 3.160(8)E–3 4.38(4) 1.600(4)E–3 50.4(4) 1.300(3)E–3 265.5(9) 7.49(4)E–4 1361(3)
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214(2)

Figure A2-10. 1 TA profile versus C(t) extrapolated to short times

Figure A2-10. The 1 TA decay profile (black) was recorded at ~1.71 eV using 2.75 eV excitation. The TA data has been
inverted for presentation. The C(t) profile, which represents the total population of the electrons and holes in the QWs, is
plotted as pink.
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A2.5. Steps for applying the QSR model to TA data
1) Correct extinction spectra for all scattering signals and any contributions from
compounds other than the semiconductor nanoparticle to obtain “clean” absorption
spectrum. Only the quantum-confinement states of the semiconductor nanoparticle will
shift together after photoexcitation. Thus, the shifting of the absorption spectra and fitting
for a EQSR(t) parameter will not properly replicate the observed TA signals.
2) Identify energy and temporal windows where the TA spectra do not contain bleach
signals associated with occupation. The appropriate energy windows for identifying
signals only associated with QSR are typically at higher energies. By plotting TA spectra
normalized to the same AbsTA(E) absorbance values at a specific E, the inducedabsorbance and bleach signals should be the same for longer times if there are no
occupation in the states probed in this energy region. Try to avoid spectral windows with
high-energy transitions that access band-edge electron or hole states, since these will give
rise to additional, long-lived bleach signals that will prohibit a fitting of the QSR signals.
3) Fit the QSR signal to the TA spectrum for the energy and temporal windows
identified above to obtain the occupation, C(t), and QSR shift, EQSR(t), parameters.
𝛥𝐴𝑏𝑠𝑄𝑆𝑅 (𝐸, 𝑡) = 𝐶(𝑡)[𝐴𝑏𝑠(𝐸 − 𝐸𝑄𝑆𝑅 (𝑡)) − 𝐴𝑏𝑠𝑠𝑠 (𝐸)] .

Eq. A2.2

This equation is just Eq. 4.2 provided in the main manuscript. If the signals become too
weak at long delay times to permit fitting with two distinct parameters, fix the value of
the EQSR(t) parameter to the average value determined at long times, since this
parameter is should no longer change once the electrons and holes have relaxed to the
band edge.

4) Extrapolate C(t) population coefficients to short times. This QSR method only enables
the C(t) values to be measured accurately for long times. These values and the
populations of the charge carriers must be determined for short times as well, in order to
properly extract the QSR components from the TA data. In this work, accurate
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measurements of C(t) could only be obtained for t > 5 ps. We fit the lowest-energy TA
feature, the 1 feature, to a sum of an exponential growth and four exponential decays
convoluted with the instrument response function of the TA measurements. This is not
ideal, as ultrashort dynamics that would lower the carrier population will not be
accounted for. The decay constants were then convoluted with an instrument responselimited rise time and scaled to the measured C(t) data.
5) Calculate QSR spectra for all times. The fitted parameters, C(t) and EQSR(t), are then
used with the “clean” absorption spectrum in Eq. A2.1 to obtain the QSR spectra,

AbsQSR(E,t).
6) Calculate the carrier occupancy spectra for all times. The difference between the QSR
spectrum and the recorded TA spectrum yields the occupancy spectrum at each time. This
is just Eq. 4.3 in the main manuscript or:
𝛥𝐴𝑏𝑠𝑂𝑐𝑐 (𝐸, 𝑡) = 𝛥𝐴𝑏𝑠𝑄𝑆𝑅 (𝐸, 𝑡) − 𝛥𝐴𝑏𝑠𝑇𝐴 (𝐸, 𝑡)
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Eq. A2.3

Appendix 3.
Supporting Information for:
Intra- and Interband Relaxation Dynamics of
Charge Carriers within CdTe Quantum
Wires
A3.1. Characterization of CdTe QWs
Figure A3-1. TEM images of CdTe QWs

Figure A3-1. (A) low-resolution and (B) high-resolution TEM images of CdTe QWs. The CdTe QWs (d = 7.5(9) nm) have
mixed-phase crystallinity composed of 59(11)% wurtzite and 41(11)% zinc blende crystal domains and lengths spanning 1–10
m.
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Figure A3-2. Scatter correction of ensemble extinction spectrum

Figure A3-2. UV-visible extinction (black), scattering contribution (red), and absorption (blue) spectra
for mixed W and ZB CdTe QWs (7.5(9) nm diameter) dispersed in dry toluene. The scattering
contribution was calculated by fitting the low-energy, <1.62 eV, portion of the extinction spectrum using
the equation, 𝑆𝑐𝑎𝑡𝑡𝑒𝑟(𝜆) = 𝑦0 + 𝐴𝜆–4 .
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Figure A3-3. Second-derivative analysis of the absorption spectrum

Figure A3-3. Second-derivative (gray) of the scatter-corrected absorption spectrum (blue), see Figure A3-2, for ensemble
7.5 nm diameter CdTe QWs dispersed in toluene. Colored tick marks denote the estimated peak energies of the different
absorption features, 1 (black), 1* (gray), 1 (red),1Δ/2 (green), 1/2/1 (blue), and 1-VB–1 (magenta). The secondderivative was smoothed using 7-point adjacent averaging. The peak energies of the absorption features determined from
second-derivative analysis are provided in Table A3-1.

Table A3-1: Peak energies of absorption features, mixed-phase CdTe QWs
(diameter = 7.5(9) nm)
Absorption
Feature

1

1*

1Π

1/2

1//2Π/1

1-VB–1

Transition
Energy (eV)

1.703

1.776

1.884

2.126

2.398

2.643

212

Table A3-2. Calculated electron and hole states, transition energies, and transition
probabilities for CdTe QWs (diameter = 7.3 nm)

CB State

1

1

1/2

1/2/1

Transition
Energy
(eV) *

Transition
Probability

Electron
Indices

Hole
Indices

Electron
Energy
(eV) *

Hole
Energy
(eV)

1.706

0.0029

1

2

2.240

0.534

1.706

0.0029

1

3

2.240

0.534

1.717

0.0061

1

4

2.240

0.524

1.744

0.0012

1

9

2.240

0.497

1.744

0.0012

1

10

2.240

0.497

1.846

0.0021

2

1

2.395

0.549

1.846

0.0021

3

1

2.395

0.549

1.887

0.0025

2

6

2.395

0.508

1.887

0.0025

3

5

2.395

0.508

1.898

0.0017

2

9

2.395

0.497

1.898

0.0017

3

10

2.395

0.497

1.970

0.0011

2

19

2.395

0.425

1.970

0.0011

3

20

2.395

0.425

2.083

0.0033

5

11

2.560

0.477

2.083

0.0033

4

12

2.560

0.477

2.144

0.0034

6

14

2.611

0.467

2.277

0.0026

7

17

2.720

0.443

2.288

0.0030

8

18

2.731

0.443

2.341

0.0011

9

13

2.811

0.468

2.345

0.0011

10

13

2.811

0.468

2.387

0.0026

10

21

2.811

0.424

2.387

0.0026

9

22

2.811

0.424

2.482

0.0019

12

27

2.886

0.404

2.482

0.0019

13

28

2.886

0.404

* The energies of the electron quantum-confinement states were shifted to lower energies by
0.040 eV to better match the calculated transitions with the features in the absorption spectrum.
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A3.2. Excitation fluence and multicarrier effects
The spot-size measurements recorded at an excitation energy (Eexc) of 2.75 eV are
reported in Chapter 4. Here, a similar analysis is given for the spot-size measurements with
Eexc = 2.26 eV. Individual spot-size measurements were fit to a complementary error function to
determine the sigma () value of the Gaussian pulse. The spot-size measurement and
complementary error function fit of the 2.26 eV excitation beam are plotted in Figure A3-4.
A  value of 0.25(1) mm was obtained from our fit with a total energy of 31.4 nJ pulse–1. The
full width at half maximum (FWHM) of the beam was calculated using Eq. 2.3 in Chapter 2.
Figure A3-4. Excitation-energy profile measurement, Eexc = 2.26 eV

Figure A3-4. Excitation-energy profile measurements (black circles) and fit (red line) for
Exc = 2.26 eV. Each energy measurement was taken as a function of translation distance
of the razor blade intersecting the excitation pulse.

The excitation fluence was estimated using the total energy and the measured FWHM using,
𝐹𝑊𝐻𝑀(𝑐𝑚) 2

𝑆𝑝𝑜𝑡 − 𝑆𝑖𝑧𝑒 𝐴𝑟𝑒𝑎 (𝑐𝑚2 ) = 𝜋 (

𝐽

𝐸𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝐹𝑙𝑢𝑒𝑛𝑐𝑒 (𝑐𝑚2 𝑝𝑢𝑙𝑠𝑒) =
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2

)

𝐸𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑃𝑢𝑙𝑠𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 (

Eq. A3.1

𝐽
)
𝑝𝑢𝑙𝑠𝑒

𝑆𝑝𝑜𝑡−𝑆𝑖𝑧𝑒 𝐴𝑟𝑒𝑎 (𝑐𝑚2 )

Eq. A3.2

Applying Eq. A3.1 and Eq. A3.2, the excitation fluence was determined to be
11.3 J cm–2 pulse–1. Experimentally-determined absorption cross-section values of CdTe QWs
at different excitation energies have been previously reported by Protasenko et al.1 The estimated
absorption cross-section value for 7.5 nm diameter CdTe QWs is ~2  10–12 cm2 m–1 at
Eexc = 2.26 eV corresponding to an average population, N, of 63 excitons m–1 pulse–1. For Eexc
= 2.75 eV, we estimate an absorption cross-section value of ~3.4  10–12 cm2 m–1. At this
excitation energy a pump fluence of 9.7 J cm–2 pulse–1 yields an N value of
74 excitons m–1.
The excitation fluences used in our TA experiments are approximately two orders of
magnitude lower than fluences used in single-wire microscopy studies of CdTe nanowires that
exhibit multi-carrier effects.2 Additionally, we investigated the effects of excitation fluence and
carrier population that lead to multi-carrier dynamics in CdTe QWs. To do this, we compared the
1 TA decay profile at ~1.70 eV acquired on CdTe QWs (d = 7.5 nm) to the low fluence timeresolved photoluminescence decay (TRPLD) profile of CdTe QWs (d = 6.7 nm) reported
previously.3 For both spectroscopic experiments, an excitation energy of 2.75 eV was used,
however, the greater detection sensitivity of the time-correlated single-photon counting (TCSPC)
measurements allows for lower excitation fluences than in the TA measurements. The TRPLD
profile plotted in Figure A3-5 was obtained using excitation fluence of 13.2 nJ cm–2 pulse–1 that
produced N = 0.9 excitons m–1 compared to N = 74 excitons m–1 at the lowest fluence of
the TA measurements. The TA and TRPLD profiles in Figure A3-5(A) and Figure A3-5 (B) are
normalized at ~1.75 ns and at low excitation fluences the 1 TA decay profiles are proportional
to the TRPLD profile. At early times, ≤ 250 fs, the fast decay components in the TA
measurement are within the instrument response function of our TSCPC system, however, the
long decay components are nearly identical for both decay profiles. In Figure A3-5(C), it is
evident that the amplitude of the 1 TA decay profile is higher at short time due to multi-carrier
contributions when using an excitation fluence of 57.4 J cm–2 pulse–1.
215

Figure A3-5. Comparison of 1 TA decay profiles with TRPLD profile as a function of
excitation fluence

Figure A3-5. (A) TA decay profile of the 1 feature (black) measured at ~1.70 eV for 7.5 nm diameter W CdTe QWs
collected with Eexc = 2.75 eV and an excitation fluence of 9.7 J cm–2 pulse–1. The TRPLD profile (red circles) of 6.7 nm
diameter CdTe QWs collected using TCSPC is overlaid for comparison. The TRPLD profile was collected using
Eexc = 2.75 eV and a fluence of 13.2 nJ cm–2 pulse–1 monitoring photon emission at the PL maximum of the sample ~1.7 eV.
Inset: short-time region. (B) TA decay profile of the 1 feature (blue) measured with Eexc = 2.75 eV and an excitation fluence
of 17.3 J cm–2 pulse–1. The TRPLD profile (red circles) is the same as in (A). Inset: short-time region. (C) Normalized TA
decay profiles of the 1 feature acquired using Eexc = 2.75 eV and fluences of 9.7 (black), 17.3 (blue) and 57.4 µJ cm–2 pulse–
1 (pink). Inset: short-time region. All decay curves were normalized at ~1.75 ns.
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A3.3. Quantum-state renormalization correction of TA data,
Eexc = 2.26 eV
Application of the QSR model to the TA dataset of 7.5 nm diameter CdTe QWs using an
excitation energy of 2.26 eV, N = of 63 excitons m–1 pulse–1, follows steps reported in
Chapter 4. The QSR fitting procedure was performed on TA spectra with delay times, t, ranging
from 5 ps to 1 ns and over the spectral region between 1.83 and 2.23 eV. At these photon
energies and delay times, the transient signals arise solely from QSR effects, and the bleaching
and induced absorption features observed across this energetic range do not arise from carrier
population of high-energy excited states. Using the scatter-corrected absorption spectrum of the
CdTe QW sample, Figure A3-2 and Figure A3-3, the TA spectra were fit using,
𝛥𝐴𝑏𝑠𝑄𝑆𝑅 (𝐸, 𝑡) = 𝐶(𝑡)[𝐴𝑏𝑠(𝐸 − 𝐸𝑄𝑆𝑅 (𝑡)) − 𝐴𝑏𝑠𝑠𝑠 (𝐸, 𝑡)] ,

Eq. A3.3

where the contributions due to QSR, ΔAbsQSR(E, t) are attributed to the difference between,
energetically shifted absorption spectrum, Abs(E–EQSR,t), and the steady-state absorption
spectrum of the sample, AbsSS(E, t). A scaling factor, termed C(t), is obtained from fitting the TA
data and is used to scale the signal intensities of ΔAbsQSR(E, t) to the signal intensities of the TA
spectra. The C(t) factor is proportional to total population of excited charge carriers at a given t.
An example QSR fit to the truncated TA spectrum collected at 2.26 eV excitation is
plotted in Figure A3-6(A). At this time delay, 30.8 ps, the fit parameters were determined to be
ΔEQSR(30.8 ps) = 12.8(1) meV and C(30.8 ps) = 0.198(1). The AbsQSR(E, 30.8 ps) spectrum
obtained using these parameters spanning the energy range of the TA spectrum, 1.57 to 2.50 eV,
was generated, gray spectrum in Figure A3-6(B). The QSR model assumes the TA spectrum,

ΔAbsTA(E, t), is a sum of bleach signals associated with charge carrier occupancy, –ΔAbsOcc(E, t),
in the different quantum-confinement states and bleach and induced-absorption signals
associated with contributions from QSR, ΔAbsQSR(E, t). As such, the occupancy spectra are
obtained using,
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𝛥𝐴𝑏𝑠𝑂𝑐𝑐 (𝐸, 𝑡) = 𝛥𝐴𝑏𝑠𝑄𝑆𝑅 (𝐸, 𝑡) − 𝛥𝐴𝑏𝑠𝑇𝐴 (𝐸, 𝑡) .

Eq. A3.5

The occupancy spectrum for the 7.5 nm diameter CdTe QWs with Exc = 2.26 eV at t = 30.8 ps is
plotted in Figure A3-6(C). By this time, the carriers have relaxed to the lowest-energy quantumconfinement states as evidenced by signals within the 1 and 1* features, and there are no
carriers in the 1Π′, 1′/2′, or 1′/2Π′/1′ excited quantum-confinement states. The primes are
used to emphasize the quantum-confinement states occupied and occupancy features observed
are energetically-shifted due to QSR.
Figure A3-6. QSR modeling, occupancy spectra, and temporal profiles of features, Eexc = 2.26 eV

Figure A3-6. (A) AbsQSR(E, 30.8 ps) spectrum (gray) obtained from fitting the high-energy TA spectrum (magenta). (B) AbsQSR(E, 30.8
ps) spectrum (gray) generated using the QSR parameters obtained from fitting TA data in (A), and the TA spectrum (magenta). (C)
AbsOcc(E, 30.8 ps) spectrum (blue) calculated using Eq. S5 and the data in (B). (D) C(t) factors (red circles) obtained from fitting the TA
spectra at delay times of 5 ps to 1 n and the modified 1 decay curve (black line), see Section A3.3. (E) 2D contour plot of AbsOcc(E, t)
spectra for t = –0.25 to 4 ps. (F) integrated area of Gaussian fits (circles) of the features in the AbsOcc(E, t) spectra and exponential fits of
the Gaussian areas (lines) versus time for the 1 (black), 1* (gray), 1 (red), and 1Δ/2 (green) occupancy features. Details of
exponential fitting are provided in Section A3.4 and exponential fit parameters are listed in Table A3-4. The TA dataset was acquired
using Eexc = 2.26 eV with an excitation fluence of 11.3 J cm–2 pulse–1.

As described in Chapter 4, QSR modeling of the TA signals measured from t = 0 – 5 ps
was performed using the average value of ΔEQSR(t) obtained by fitting the TA data between t = 5
ps and 1 ns. The average ΔEQSR(t) value was determined to be 12(2) meV for this dataset. The
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C(t) factors within this time window are plotted in Figure A3-6(D). The C(t) factors are
proportional to the carrier population and thus should mimic the 1 TA decay profile for t > 5ps.
At shorter times, t < 5 ps, the C(t) factors are estimated by extrapolating the 1 TA decay profile
back to the instrument-limited rise time, Figure A3-6(D). A 2D contour plot of the AbsOcc(E, t)
data for t  4 ps is included in Figure A3-6(E), which plots the carrier occupation in the
quantum-confinement states accessed by the different transitions. To quantify the populations
and kinetics of the carrier populations the AbsOcc(E, t) spectra were fit to a sum of Gaussians
peaks, see Section A3.4. The integrated areas of each Gaussian peak versus time best represents
the population in the different quantum-confinement states, and these were fit to a sum of
exponentials to quantify the charge-carrier dynamics in the different quantum-confinement
states. The exponential lifetimes obtained from fitting are reported in Section A3.5.
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A3.4. Occupancy spectra and Gaussian peak fitting
The AbsOcc(E, t) spectra were generated using the QSR model on the CdTe QW TA
spectra, AbsTA(E, t), for all t  1 ns. The features in the AbsOcc(E, t) spectra are associated with
carrier occupation in the different quantum-confinement states. To track the relative population
in these states with time, each feature in the AbsOcc(E, t) spectra was fit to a Gaussian peak. The
integrated area of each Gaussian plotted versus time quantifies the change in the occupancy in
the states associated with each feature. At early time delays, t < 3 ps, six Gaussians peaks were
used in the fitting, but at longer times, only three Gaussian peaks were needed, one for each of
the 1′, 1*′, and 1′-VB–1′ features in the occupancy spectra. In fitting the AbsOcc(E, t)
spectra, the widths, peak energies, and amplitudes of the Gaussian peaks were used as variable
parameters. An example fit of the AbsOcc(E, 1.3 ps) is included in Figure A3-7(A). The
integrated area of each Gaussian peak represents the relative population in those quantumconfinement states at each time, and the occupancy as a function of time reveal the dynamics.
Comparisons of the occupation in the different states cannot be done as accurate transition
strengths, including those from excitons and the continua of states associated with each quantumconfinement state, are not known.
The temporal profiles of the occupancy associated with each of the different features are
plotted in Figure A3-7(B) and Figure A3-6(F) for excitation with Eexc = 2.75 eV and
Eexc = 2.26 eV, respectively. Note the signal-to-noise levels in the occupancy spectra prevented
reliable fitting of the weak 1*′ feature at short time delays. A single exponential based on the
available data points, Figure A3-7(B), was used to characterize the rise of the 1*′ occupancy.
Additional TA spectra, collected at Eexc = 2.75 eV (excitation fluence = 9.7 J cm–2
pulse–1) and QSR spectra at t = 0.6, 1.4, and 35 ps are plotted in Figure A3-8(A)–(C). The QSR
parameters used to generate the ΔAbsQSR(E, t) spectra are ΔEQSR(t) = 13 meV and C(0.6 ps) =
0.331, C(1.4 ps) = 0.307, and C(35 ps) = 0.142. The ΔAbsOcc(E, t) spectra at these time delays
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were calculated using the data in Figure A3-6(A)–(C) and Eq. A3.5 are plotted in Figure A36(D)–(E).

Figure A3-7. Gaussian peak fits and temporal profiles of the occupancies, Eexc = 2.75 eV

Figure A3-7. (A) AbsOcc(E, t) spectrum (gray) at t = 1.3 ps and Gaussian peak fits of the features. Six Gaussian peaks were
used in the fitting, 1 (black), 1* (gray), 1 (red), 1Δ/2 (green), 1/2/1 (blue), and 1-VB–1′ (magenta). (B)
Temporal profiles of the occupancies with excitation at 2.75 eV
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Figure A3-8. Additional occupancy spectra and fitting, Eexc = 2.75 eV

Figure A3-8. Occupancy spectra and fitting for data collected with Eexc = 2.75 eV and a fluence of 9.7 J cm–2 pulse–1. The TA spectra
(magenta) and AbsQSR(E, t) spectra (gray) are included for time delays of (A) 0.6 ps, (B) 1.4 ps, and (C) 35 ps. The AbsOcc(E, t) spectra
(gray) were calculated using Eq. A3.5 for time delays of (D) 0.6 ps, (E) 1.4 ps, and (F) 35 ps. Gaussian peak fits of the corresponding
AbsOcc(E, t) spectra are plotted in (D)–(F). The residuals of the fits are included in (G) – (I).
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A3.5. Exponential fitting of occupancy profiles
The occupancy profiles of the different features, Figure 5-4, were fit to a sum of
exponentials convoluted a Gaussian instrument response function, (IRF = 200 fs) to probe the
IRD of the carriers. The profiles of the excited quantum-confinement states, 1, 1Δ/2, and
1/2/1, were fit to a single exponential rise and decay using,
Occupancy = 𝐼𝑅𝐹(200 𝑓𝑠) 𝐴0 (𝑒𝑥𝑝(−𝑡⁄𝑑1 ) – 𝑒𝑥𝑝(−𝑡⁄𝑟1 )) ,

Eq. A3.6

where A0 is the amplitude of the profile and τr1 and τd1 are the rise and decay lifetimes,
respectively. The 1 and 1* occupancy data collected with Eexc = 2.75 eV required two
exponential rise components and four exponential decays,

Occupancy = 𝐼𝑅𝐹(200 𝑓𝑠) [∑4𝑖=1 (𝐴𝑑𝑖 𝑒𝑥𝑝(−𝑡⁄𝜏𝑑𝑖 )) − 𝐴r2 𝑒𝑥𝑝(−𝑡⁄𝜏r2 ) − (∑4𝑖=1 𝐴𝑑𝑖 +
𝐴𝑟2 )𝑒𝑥𝑝(−𝑡⁄𝜏r1 )] .
Eq. A3.7
The 1* decay acquired with Eexc = 2.26 eV was fit to a sum of one rise and four decay
components, with A2 set to zero.
The parameters obtained from exponential fitting are summarized in Table A3-3 for
Eexc = 2.75 eV and Table A3-4 for Eexc = 2.26 eV. Amplitude-weighted average lifetimes, AVG,
reported in Table A3-3 and Table A3-4 were calculated from the decay components using
Eq. 2.12 in Section 2.5 of Chapter 2.
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Table A3-3: Exponential parameters obtained from fitting the occupancy profiles,
Eexc = 2.75 eV

Quantum
States

1

Ar1

1.6(2)E–4

r1 (ps)

IRF‡

Ar2

4.43(2)E–4

r2 (ps)

1†

1Δ/2†

1′/2′/1′

0.50(2)

0.29(1)

IRF‡

1.5(1)E–4

---

---

1.10(2)

1.3(3)

---

---

Ad1

2.5(1)E–4

6.2(2)E–5

d1 (ps)

3.9(1)

3.8(2)

0.62(2)

1.03(6)

Ad2

1.29(2)E–4

3.6(2)E–5

d2 (ps)

31.7(4)

49(1)

Ad3

1.46(2)E–4

3.2(2)E–5

d3 (ps)

203(1)

400(10)

Ad4

7.7(2)E–5

1.3(3)E–5

d4 (ps)

1361*

1361*

AVG (ps)

232(6)

230(30)

1*

0.65(2)

† – fixed amplitude
‡ – the time component was limited by IRF = 200 fs
* – fixed lifetime based on the longest lifetime component of the 1 TA decay
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Table A3-4: Exponential parameters obtained from fitting the occupancy profiles,
Eexc = 2.26 eV
Quantum
States

1

1*

Ar1

3.4(1)E–4

8(1)E–5

r1 (ps)

IRF‡

IRF‡

IRF‡

IRF‡

Ar2

4.65(1)E–4

6.3(1)E–5

---

---

r2 (ps)

0.66(1)

0.63(3)

---

---

Ad1

2.84(1)E–4

3.5(1)E–5

d1 (ps)

4.47(5)

4.4(2)

Ad2

2.53(1)E–4

5.4(1)E–5

d2 (ps)

36.6(3)

36.8(6)

Ad3

1.66(1)E–4

3.8(1)E–5

d3 (ps)

194(1)

348(5)

Ad4

1.02(1)E–4

1.3(2)E–5

d4 (ps)

1511*

1511*

AVG (ps)

245(2)

250(20)

1†

1Δ/2†

1′/2′/1′
9.4(1)E–5
IRF‡

8.7(7)E–5♯
0.60(5)

† – fixed amplitude
‡ – the time component was limited by IRF = 200 fs
* – fixed lifetime based on the longest lifetime component of the 1 TA decay
♯
– amplitude of vertical offset, 6.6(8)E–6
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0.47(8)

0.54(4)♯

A3.6. Additional Figures
Figure A3-9. Comparison of the occupancy profiles for 1e features, Eexc = 2.26 eV

Figure A3-9. Long-lifetime occupancy profiles. The occupancy profiles of the 1, 1*, and 1-VB–1 features acquired
with Eexc = 2.26 eV are plotted as black, gray, and magenta circles. Each profile is normalized to unity at t = 50 ps.
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Figure A3-10. Evolution of band edge occupancy, Eexc = 2.26 eV

Figure A3-10. (A) Left panel, AbsOcc(E, t) spectrum (black) near the band edge with Eexc = 2.26 eV and at t = 0.24 ps. a fit
(yellow) of the features AbsOcc(E,0.24 ps) spectrum (black) reveals signals corresponding to the 1, 1*, and and 
features. The Gaussian peak fitting is shown with a blue line, and the centers of the Gaussian peaks are indicated with
vertical blue lines. For comparison the energies and intensities of the features in the steady-state absorption spectrum are
shown as black dashed lines. The integrated intensity of each peak is shown as the height of the solid vertical lines positioned
at the peak centers. For comparison, the energies and integrated areas of the peaks for the 1, 1*, and 1Π features in the
steady-state absorption spectrum are plotted with dotted lines. A schematic of the states and transitions between them is
depicted in the right panel with the electron and hole occupancies within CB and VB states at this t. (B) AbsOcc(E, t)
spectrum with Eexc = 2.26 eV and at t = 2.64 ps, left panel, and schematic of the states and occupation of charge carriers at
this t, right panel.
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Figure A3-11. Time-dependence of the breadths of the 1 occupancy features

Figure A3-11. Gaussian widths versus time obtained from fitting the 1 occupancy features within the AbsOcc(E, t) spectra
with Eexc = 2.75 eV (black, open circles) and Eexc = 2.26 eV (purple, filled circles). Single-exponential fits are provided as
guides for the eye.

Figure A3-12. Time-dependence of the peak energies of the occupancy features,
Eexc = 2.26 eV

Figure A3-12. The energetic shifting, EOcc(meV), of all of the occupancy features collected with Eexc = 2.75 eV are plotted
versus time out to only t = 1.5 ps. The energies of the peak centers of the 1-VB–1 (magenta, open circles), 1/2/1
(blue), 1Δ/2 (green), 1 (red), 1* (gray), and 1 (black) features are plotted relative to the energy of the corresponding
feature measured in the steady-state absorption spectrum.
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A4.1. Synthesis and TEM analysis of CdTe QWs
Materials. Tellurium granules (Te, –5-+50 mesh, 99.99%, Aldrich), tri-n-octylphosphine
(TOP, 97%, Strem), and n-tetradecylphosphonic acid (TDPA, >99%, PCI Synthesis) were used
as received. The TOP contained 0.02 mol% di-n-octylphosphinate (DOP), as determined by 31P
NMR following a previously reported procedure.1 Tri-n-octylphosphine oxide (TOPO, 99%,
Aldrich) was recrystallized2-3 before use. DOP was synthesized using a previously reported
procedure.1 Bismuth (Bi) NP stock solutions (0.04 mmol Bi atoms g–1 solution) 4-5 Cd(di-noctylphosphinate)2, tri-n-octylphosphine telluride (TOPTe) stock solution (0.025 mmol/g
solution), and DOP stock solution (1.01 wt%, 1.45 mol%) were synthesized using previously
reported procedures.6 Toluene (CHROMASOLV for HPLC, Sigma-Aldrich) was distilled under
N2 (g) over Na/benzophenone ketyl, and referred to as dried toluene. Dried toluene (5.30 g) was
added in a N2 (g)-filled glovebox to the as-synthesized CdTe QWs before solidification.

Synthesis of W CdTe QWs. The CdTe QWs (~6.7-nm-diameter, ~1-10-µm-length, 98.5%
WZ) were synthesized following a previously reported procedure with a slight modification.6
Briefly, Cd(di-n-octylphosphinate)2 (30.7 mg, 0.0444 mmol), TDPA (2.9 mg, 0.0104 mmol), and
purified TOPO (4.0 g, 10.35 mmol) were loaded into a 50-mL Schlenk reaction tube in air. The
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reaction mixture was degassed under vacuum (0.010.1 torr) at ~100 C and then back-filled
with N2(g). After repeating this degassing and N2(g) back-filling cycle at least four additional
times and degassing for additional 1 h, the reaction mixture was inserted into a 300 C salt bath
(NaNO3:KNO3:Ca(NO3)2, 21:54:25 mol%) to achieve a clear colorless solution. A 6.3-nm Bi-NP
stock solution (20 mg, 0.00080 mmol Bi atoms), TOPTe stock solution (639 mg, 0.0160 mmol
TOPTe), and DOP stock solution (60 mg, 0.0015 mmol TOPTe) were combined in a separate
vial in a N2(g)-filled glove box, which was septum capped. This mixture was brought out of the
glove box, loaded into a 3-mL syringe, and then was quickly injected into the Schlenk tube that
had been equilibrated in the salt bath for 4 min. The amount of TOPTe (0.0152 mmol) and DOP
(0.00212 mmol) injected was calculated by measuring the difference between masses of the
syringe before and after the injection. The Cd:Te molar ratio was thus 2.92, and DOP mol% in
the reaction mixture was 0.018. The reaction mixture turned dark brown instantly. TOP (182 mg,
0.491 mmol) was injected into the reaction mixture at 3 min of reaction. After 5 min of total
reaction the tube was withdrawn from the bath and allowed to cool to room temperature.

TEM analyses. The purification steps for the CdTe QWs were conducted in the ambient
atmosphere. The CdTe-QW-toluene mixture (~1.5 mL) was mixed with methanol (~1.0 mL),
followed by centrifugation at 1150 g for 5 min and decanting of the supernatant. The QW
precipitate was re-dispersed in toluene (~1.0 mL), and was obtained again by adding methanol
(ca. 1.0 mL) and by centrifugation and decanting of the supernatant. The precipitate was finally
re-dispersed in toluene (~0.5 mL). Carbon-coated copper grids were dipped in the toluene
solution, and then immediately taken out to evaporate the solvent. TEM images were collected
within 24 hours using a JEOL 2000 FX microscope with an acceleration voltage of 200 kV.
High-resolution TEM (HRTEM) was carried out on a JEOL JEM-2100F TEM at 200 kV. The
WZ% for ensembles of wires was determined from a previously reported procedure.6
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Figure A4-1. TEM analysis and diameter distribution of as-synthesized CdTe QWs

Figure A4-1. (A) and (B), representative TEM images of 6.7(7) nm as-synthesized CdTe QWs. (C) includes the histogram
of CdTe QW diameters measured from TEM images of 42 individual QWs with length ≥1 µm.
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A4.2. Enhancement of CdTe QWs
Post-synthetic surface modification of CdTe QWs. The optical properties of CdTe QWs
were enhanced with ethanethiol (EtSH, 97%, Aldrich) and trioctylphosphine (TOP, 97%,
Aldrich) following a previously published procedure.7 Briefly, synthesized CdTe QWs, dispersed
in dried toluene (~0.265 g), were added to 1.5 mL toluene dropwise via glass pipette to a 1 cm
pathlength quartz cuvette in a glovebox. 1.5 mL EtSH was added in air to the cuvette in a fume
hood and the sample was submerged in a sand bath to solution level. The sand bath was held at a
temperature of 95 – 100 ºC for >22 hours for different samples. After completion, the sample
cuvette was centrifuged at a rate of 2300 rpm for 12 minutes and CdTe QWs were visibly
collected in a corner of the cuvette. The remaining solution of toluene and EtSH was removed
via syringe in a fume hood and 3.75 mL of TOP was added to CdTe QWs remaining in the
quartz cuvette. The sample cuvette was then sealed and placed ~50 cm from a 100 W
incandescent light bulb for a period of 24 – 100 hours for different QW samples. During this
time, CdTe QWs noticeably bundled in solution. All optically enhanced samples remained under
incandescence until experiments were performed.
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Figure A4-2. Absorption and PL spectra of enhanced CdTe QWs

Figure A4-2. (A) UV-visible absorbance (black) and PL (blue) spectra of ensemble CdTe QWs in diluted in TOP,
PL = 9.0(3)%. (B), normalized PL spectra of ensemble QWs in TOP with PL  0.1 – 9.0(3)% (black through blue). All PL
spectra were collected using an excitation energy of 2.76 eV. The error of the PL values of the enhanced CdTe QW samples
were obtained from the standard deviation of three consecutive PL measurements.
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A4.3. Instrumental details
Absorption. Ensemble as-synthesized CdTe QWs were prepared for subsequent
absorption and PL measurements in a glovebox by dropwise addition of CdTe QW-toluene
solution into a quartz cuvette and diluted with TOP. In all cases, samples were prepared with an
optical density (O.D) < 0.2 at 2.76 eV ( = 450 nm) without further dilution. Absorption spectra
were collected, at room temperature, on a commercial UV-Vis-NIR spectrometer coupled with
an integration sphere for collection of forward scattering.

Photoluminescence. Ensemble steady-state PL spectra and absolute PL data were
collected using a commercial spectrofluorometer. The light attenuation of internal optics was
corrected using PL spectra of NIST certified solid samples (SRM2942, 2943C, 2940B, and
2944B), and absolute PL data were obtained using an integration sphere. PL values were
calculated by collecting PL measurements using a 4-curve method. Sample and blank excitation
and emission spectra were recorded over a range of 430-470 nm and 600-800 nm, respectively,
with excitation and emission bandpass set at 3 nm. A monochromator (1200g @ 500 nm) was
used for emission wavelength selection and a PMT was utilized for detection. A 600-nm
longwave-pass filter was placed in front of the monochromator to minimize the detection of
scattering from the excitation light when collecting PL spectra. Excitation and emission data
were corrected for filters used to obtain the necessary spectral intensities needed for proper linear
detection. PL values were calculated by taking the ratio of integrated spectral intensity of
emitted photons to excitation scatter for each CdTe QW sample. Standard deviations in PL
values were calculated from three successive PL measurements.

PL lifetime measurements. TRPLDs were recorded using time-correlated single photon
counting (TCSPC) with fs pulsed excitation. The pulses were generated by the 5.00 W output of
a continuous-wave laser coupled into a wavelength tunable mode-locked Ti:sapphire laser. The
output (570 mW, 900 nm, 10 nm FWHM) was then frequency doubled and repetition rates were
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varied using a pulse selector. The doubled output was aligned into the spectrofluorometer sample
compartment and emitted light collected using a monochromator. An external focusing lens and
neutral density filters were utilized in the excitation beam path to control fluence. In all
experiments, a excitation energy of 2.76 eV ( = 450 nm) was used to excite samples. Emitted
photons were detected using MCP-PMT cooled by a closed-loop chiller. Typical detection
energies and slit width settings were ~1.70 eV and 3 – 5 nm, respectively. The remaining
undoubled light was focused into a silicon photodetector and used as a sync signal for data
collection. Photon detection rates were kept below 1% per pulse to avoid signal pile-up effects.

Figure A4-3. TCSPC instrument response

Figure A4-3. The TCSPC instrument response recorded via excitation light scattered off a cuvette filled with
TOP using an excitation energy of 2.76 eV (red). The Instrument response has a FWHM ~230 ps for the
temporal collection range of 300 ns used when acquiring TRPLDs. The TRPLDs collected at an emission
energy of ~1.70 eV for as-synthesized (black) and enhanced, PL = 9.0(3)%, (blue) CdTe QWs in TOP are
plotted for comparison.
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A4.4. Ensemble PL lifetime spectroscopy
Spot-size measurements. Spot-size measurements were performed using a razor blade
mounted on a translation stage at the spatial center of the sample cuvette. The razor blade was
translated perpendicularly across the laser beam, and single laser pulse energies were recorded
every 0.02mm (Figure A4-4, black circles). Each profile was then fit to an inverse error function
(Figure A4-4, red curve). Each  value obtained in the fitting was used to calculate the FWHM
of the Gaussian beam using the equation,
𝐹𝑊𝐻𝑀 = 2√2ln(2) ≈ 2.355.
The excitation fluence utilized in each experiment was calculated using:
𝐹𝑊𝐻𝑀(𝑐𝑚) 2

𝑆𝑝𝑜𝑡𝑆𝑖𝑧𝑒𝐴𝑟𝑒𝑎(𝑐𝑚2 ) = 𝜋 (

𝑝𝐽

2

)

𝑃𝑢𝑙𝑠𝑒𝐸𝑛𝑒𝑟𝑔𝑦(

𝑛𝐽

)

𝑝𝑢𝑙𝑠𝑒
𝐸𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝐹𝑙𝑢𝑒𝑛𝑐𝑒 (𝑐𝑚2 𝑝𝑢𝑙𝑠𝑒) = 𝑆𝑝𝑜𝑡𝑆𝑖𝑧𝑒𝐴𝑟𝑒𝑎(𝑐𝑚
2)

Figure A4-4. Representative laser spot-size measurement

Figure A4-4. Laser spot-size measurement of the excitation laser used to excite CdTe QWs for PL lifetime studies. For each
experiment, single laser pulse energies were recorded as a function of razor blade position (black circles), and the profile was fit
to an error function (red curve) in order to estimate the full-width at half-maximum (FWHM) of the excitation spot and the
excitation fluence.
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Calculation of the number of charge carriers photogenerated. In this chapter, we
estimate values of N using the data reported by Protasenko et al. with Eq. 6, see Section 2.4 of
Chapter 2. Protasenko et al. reported absorption cross sections at 2.54 and 3.20 eV plotted as a
function of d2, where d is the diameter of the QWs. We extrapolated each data set to estimate the
absorption cross section for QWs with d = 6.7 nm. We obtain absorption cross sections of
~2 × 10–12 cm2 µm–1 and ~4 × 10–12 cm2 µm–1 for energy of 2.54 and 3.2 eV, respectively.
Considering the excitation energy of 2.76 eV used in our studies, we approximate the absorption
cross section to be between these two values, ~3 × 10–12 cm2 µm–1. The N values obtained
using this absorption cross section are included in Table A4-1.
Multiexponential fitting of TRPLDs. For each CdTe QW ensemble the TRPLDs
are noticeably multiexponential. The role of non-radiative relaxation pathways occurring
on differing timescales compete with radiative recombination during intraband8 and
interband9 relaxation. A useful model for determining the observed relaxation lifetimes in
this case is to model the TRPLD data as a sum of exponentials:
𝐶𝑜𝑢𝑛𝑡𝑠(𝑡) = 𝐴1 exp(−𝑡/1 ) + 𝐴2 exp(−𝑡/2 ) + 𝐴3 exp(−𝑡/3 ) +  … ,

Eq. 1

where Ai is the amplitude describing the initial contribution of the exponential and i is a single
lifetime within the sum of exponentials. From the values obtained via multiexponential fitting,
two important parameters can be calculated which are presented in this paper. The first
parameter is the average lifetime, τAVG, which is given by:
(𝐴 21 )+(𝐴2 22 )+(𝐴3 23 )+…

𝜏𝐴𝑉𝐺 =  (𝐴1

1 1 )+(𝐴2 2 )+(𝐴3 3 )+.…

Eq. 2

and Equation 3, the percent contribution, calculated from the ratio of integrated PL intensity
contribution of a single lifetime to that of the total integrated intensity of the PL decay,
𝐴𝑖 𝑖
100%
1 1 )+(𝐴2 2 )+(𝐴3 3 )+…

Contribution (%) =  (𝐴

These parameters are calculated from the exponential fit parameters detailed below.
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Eq. 3

Figure A4-5. TRPLDs of CdTe QWs with varying PL

Figure A4-5. (A) TRPLDs of as-synthesized, PL < 0.1% and enhanced CdTe QWs with PL values ranging from 1.2(1)% to
9.0(3)%. Decays were collected using excitation and emission energies of 2.76 and ~1.70 eV, respectively. The individual
TRPLDs of the CdTe QWs included in (A) are plotted in (B)-(G). Excitation fluence, N, and multiexponential fitting
parameters for each measurement are listed in Table A1-1.
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Table A4-1. Exponential fitting parameters, τAVG, and percent contributions of CdTe QWs

Fluence
N*
ΦPL (%) (nJ cm–2
(excitons
pulse–1) µm–1 pulse–1)

A1

1 (ns)

A2

2 (ns)

A3

3 (ns)

A4

4 (ns)

AVG (ns)

As
Synth.

13.2

0.09

0.88(6)†

0.20(2)†
[27(4)%]

0.121(8)†

1.5(2)†
[28(5)%]

0.026(1)†

11(1)†
[44(5)%]

1.2(1)

1.8

0.01

0.54(3)

0.52(5)
[3.1(4)%]

0.28(2)

3.3(5)
[10(2)%]

0.127(8)

19(2)
[26(4)%]

0.036(2)

155(7)
[61(6)%]

100(7)

1.9(1)

14.6

0.1

0.50(3)

0.42(4)
[1.7(2)%]

0.32(2)

2.9(4)
[7(1)%]

0.14(1)

19(2)
[21(3)%]

0.055(2)

157(7)
[69(5)%]

113(7)

4.0(1)

1.8

0.01

0.45(3)

0.55(5)
[1.0(1)%]

0.32(2)

3.8(5)
[4.7(7)%]

0.15(1)

26(3)
[15(2)%]

0.083(4)

245(11)
[79(7)%]

198(15)

5.9(2)

2.4

0.02

0.46(3)

0.63(5)
[1.2(1)%]

0.27(2)

4.4(6)
[5.0(8)%]

0.15(1)

29(3)
[18(2)%]

0.078(4)

230(10)
[75(7)%]

180(13)

7.2(1)

2.9

0.02

0.44(3)

0.54(5)
[0.8(1)%]

0.30(2)

4.2(6)
[4.2(7)%]

0.16(1)

29(3)
[15(2)%]

0.094(4)

254(11)
[80(6)%]

207(14)

9.0(3)

2.4

0.02

0.42(3)

0.54(5)
[0.8(1)%)

0.29(2)

3.4(5)
[3.3(6)%]

0.18(1)

25(3)
[15(2)%]

0.101(5)

242(10)
[81(7)%]

200(14)

5.4(5)†

* - Since N is reported in units of excitons µm–1 pulse–1 and the typical lengths of the CdTe QWs are 1 to 10 µm, the number of
excitons generated within each QW per laser pulse are 1× to 7× N.
†
( ) - one standard deviation obtained from the multiexponential fit
( ) - one standard deviation obtained from data collected from five measurements, see pg. A4-18.
[%] - Percent contribution
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Figure A4-6. TRPLDs of CdTe QWs at varying emission energies

Figure A4-6. (A) TRPLDs of enhanced CdTe QWs, PL = 7.2(1)%, as a function of emission energies ranging from 1.64 to 1.74 eV. An
excitation energy of 2.76 eV was used for all measurements with a fluence 2.9 nJ cm–2 pulse–1 yielding N = 0.02 excitons µm–1 pulse–1 along
the CdTe QWs. The individual TRPLDs included in panel a are plotted separately in (B) – (F). Multiexponential fit parameters are listed in
Table A4-2. (G) the lifetimes obtained from fitting the TRPLDs were binned into short-, <10 ns (black), intermediate-, 10-35 ns (red), and
long-, >35 ns (blue) time constants. The percent contributions of these binned time constants are plotted versus emission energy.
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Table A4-2. Exponential fitting parameters, τAVG, and percent contributions of enhanced CdTe QWs,

PL = 7.2(1)%, as a function of emission energy

Emission (eV)

A1

1 (ns)

A2

2 (ns)

A3

3 (ns)

A4

4 (ns)

AVG (ns)

1.65

0.35(2)

0.83(7)
[0.57(7)%]

0.28(2)

5.4(8)
[3.0(5)%]

0.29(2)

32(4)
[18(3)%]

0.144(6)

274(12)
[78(6)%]

220(15)

1.67

0.38(2)

0.52(5)
[0.55(7)%]

0.30(2)

3.9(5)
[3.3(5)%]

0.19(1)

27(3)
[14(2)%]

0.116(5)

252(11)
[82(7)%]

210(14)

1.70

0.44(3)

0.54(5)
[0.8(1)%]

0.30(2)

4.2(6)
[4.2(7)%]

0.155(9)

29(3)
[15(2)%]

0.094(4)

254(11)
[80(6)%]

208(14)

1.72

0.49(3)

0.49(4)
[1.0(1)%]

0.28(2)

4.1(6)
[4.6(8)%]

0.140(8)

27(3)
[15(2)%]

0.081(4)

245(11)
[79(7)]

199(15)

1.74

0.47(3)

0.44(4)
[1.0(1)%]

0.32(2)

3.2(4)
[5.1(8)%]

0.146(9)

23(3)
[17(3)%]

0.071(3)

219(9)
[77(6)%]

173(12)

( ) - one standard deviation obtained from data collected from five measurements, see pg. A4-18.
[%] - Percent contribution
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Figure A4-7. Average photoluminescence lifetime, τAVG, versus emission energy

Figure A4-7. PL lifetime data versus emission energy. The measured average PL lifetimes calculated by
Equation 2 are superimposed on the PL spectrum (magenta line) collected for the PL = 7.2(1)% CdTe QW
sample. The TRPLDs were collected using an excitation energy of 2.76 eV.
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Figure A4-8. TRPLDs with varying laser repetition rates

Figure A4-8. (A) TRPLDs of enhanced CdTe QWs were collected using excitation and emission energies of 2.76 and ~1.70 eV,
respectively. Laser repetition rates of 20 (black) and 40 kHz (red) were used for the enhanced CdTe QW sample with
PL = 9.0(3)%, and a repetition rate of 160 kHz (blue) was used for the enhanced CdTe QW sample with PL = 4.0(1)%. The
individual TRPLDs included in (A) are plotted separately in (B)-(D).
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Figure A4-9. Single and averaged TRPLDs of enhanced CdTe QWs with PL = 7.2(1)%

Figure A4-9. An individual TRPLD (red circles) and averaged TRPLD (black line) obtained from five
individual measurements for an enhanced CdTe QW ensemble with PL = 7.2(1)%. The TRPLDs were
recorded using an excitation energy of 2.76 eV with a fluence 2.9 nJ cm–2 pulse–1 yielding N = 0.02
excitons µm–1 pulse–1 along the CdTe QWs. The emission was collected at an energy of 1.70 eV.
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Table A4-3. Error of TRPLD measurements for enhanced CdTe QWs, PL = 7.2(1)%

Scan

A1

1 (ns)

A2

2 (ns)

A3

3 (ns)

A4

4 (ns)

AVG (ns)

1

0.508(9)

0.72(2)
[1.28(6)%]

0.293(7)

4.9(2)
[5.0(3)%]

0.133(4)

31(2)
[14(1)%]

0.090(2)

252(8)
[79(4)%]

205(8)

2

0.46(1)

0.62(2)
[0.99(5)%]

0.307(8)

4.2(2)
[4.5(3)%]

0.144(3)

29(1)
[14.4(7)%]

0.092(2)

252(7)
[80(4)%]

206(7)

3

0.487(8)

0.77(2)
[1.28(7)%]

0.257(6)

5.6(3)
[4.9(4)%]

0.130(4)

35(2)
[16(1)%]

0.083(3)

275(11)
[78(5)%]

221(12)

4

0.46(1)

0.65(2)
[1.08(5)%]

0.274(8)

4.2(2)
[4.2(3)%]

0.145(4)

27(1)
[14.1(8)%]

0.090(2)

248(6)
[81(3)%]

204(7)

5

0.44(1)

0.67(3)
[1.03(6)%]

0.291(1)

4.1(2)
[4.2(2)%]

0.149(4)

28(1)
[14.6(8)%]

0.091(2)

252(7)
[80(4)%]

206(8)

St. Dev.
(% Dev.)

0.03
(6.4%)

0.06
(8.7%)

0.019
(6.8%)

0.6
(14%)

0.008
(5.9%)

3
(11%)

0.004
(4.5%)

11
(4.3%)

8
(3.8%)

( ) - one standard deviation obtained from the multiexponential fit
[%] - Percent contribution
(% Dev.) - percent deviation calculated from five PL decays
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Reproducibility error analysis. In order to estimate scan-to-scan errors in the TRPLD
measurements for samples with high PL values, five consecutive TRPLDs were recorded on the
enhanced sample of CdTe QWs with PL = 7.2(1)%. A laser fluence of 2.9 nJ cm–2 pulse–1,
corresponding to N = 0.02 excitons µm–1 pulse–1, was used. Each of the five TRPLDs was fit to
a sum of exponentials. The standard deviation of each of the fitted parameters was calculated
using the values obtained from the five different measurements (listed as St. Dev. in Table
A4-3). This standard deviation was then used to calculate a percent deviation for each parameter
(listed as % Dev. in Table A4-3.) The percent deviations associated with each Ai and i were
then used to estimate the error for the other enhanced CdTe QW samples, with values given in
Tables A4-1, A4-2, and A4-5.
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Figure A4-10. TRPLD excitation-fluence dependence of as-synthesized CdTe QWs

Figure A4-10. TRPLDs of ensemble as-synthesized CdTe QWs diluted in TOP, PL < 0.1%, under
excitation fluences of 2.86 nJ cm–2 pulse–1 (black circles) and 382 nJ cm–2 pulse–1 (red circles) at an
excitation energy of 2.76 eV. The inset is an expansion of the short time region. TRPLDs were fit to a
sum of three exponentials which are detailed in Table A4-3. The fit for the 382 nJ cm–2 pulse–1 TRPLD
is shown (yellow curve).
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Table A4-4. Exponential fitting parameters, τAVG, and percent contributions of as-synthesized CdTe QWs with varying
excitation fluence at 2.76 eV

Fluence
(nJ cm–2
pulse–1)

N*
(excitons
µm–1 pulse–1)

A1

1 (ns)

A2

2 (ns)

A3

3 (ns)

AVG (ns)

2.9

0.02

0.89(6)

0.17(1)
[28(3)]

0.107(7)

1.4(2)
[28(5)%]

0.020(1)

12(1)
[44(5)%]

5.8(5)

7.8

0.06

0.90(6)

0.17(1)
[27(3)%]

0.108(7)

1.6(2)
[31(5)%]

0.020(1)

12(1)
[42(5)%]

5.6(5)

11.7

0.08

0.87(6)

0.17(1)*
[26(3)%]

0.119(8)

1.4(2)
[29(5)%]

0.024(1)

11(1)
[46(6)%]

5.5(4)

13.2

0.09

0.88(6)

0.20(2)
[27(4)%]

0.121(8)

1.5(2)
[28(5)%]

0.026(1)

11(1)
[44(5)%]

5.4(4)

268

1.8

0.98(6)

0.21(2)
[40(5)%]

0.063(4)†

2.5(3)
[30(5)%]

0.011(1)

14(1)
[29(4)%]

5.0(5)

382

2.6

0.95(6)

0.20(2)
[39(5)%]

0.071(5)†

1.9(2)
[27(4)%]

0.014(1)

12(1)
[34(4)%]

4.7(4)

* - Since N is reported in units of excitons µm–1 pulse–1 and the typical lengths of the CdTe QWs are 1 to 10 µm, the
number of excitons generated within each QW per laser pulse are 1× to 7× N.
( ) - one standard deviation obtained from the multiexponential fit
[%] - Percent contribution
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Figure A4-11. TRPLD excitation-fluence dependence of enhanced CdTe QWs, PL = 9.0(3)%

Figure A4-11. TRPLDs of an enhanced CdTe QW sample with PL = 9.0(3)% excited at 2.76 eV and
emission collected at 1.70 eV. The laser fluence was varied from 1.31 (blue circles) to 10.2 nJ cm–2
pulse–1 (black line). The inset is an expansion of the short time region. Decays were fit to a sum of
four exponentials as plotted for the 1.31 nJ cm–2 pulse–1 TRPLD (yellow curve). All fitting parameters
are detailed in Table A4-5.
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Table A4-5. Exponential fit parameters, τAVG, and percent contributions of CdTe QWs, PL = 9.0(3)%, with varying excitation
fluence excited at 2.76 eV

Fluence
(nJ cm–2
pulse–1)

N*
(excitons
µm–1 pulse–1)

A1

1 (ns)

A2

2 (ns)

A3

3 (ns)

A4

4 (ns)

AVG (ns)

1.3

0.009

0.48(3)

0.62(5)
[0.9(1)]

0.27(2)

4.7(7)
[4.0(7)%]

0.157(9)

29(3)
[14(2)%]

0.097(4)

264(11)
[81(6)%]

217(14)

2.4

0.02

0.42(3)

0.54(5)
[0.8(1)%]

0.29(2)

3.4(5)
[3.3(6)%]

0.18(1)

25(3)
[15(2)%]

0.101(5)

241(10)
[81(7)%]

200(15)

10.2

0.07

0.42(3)

0.43(4)
[0.6(1)%]

0.31(3)

3.2(4)
[3.5(6)%]

0.16(1)

25(3)
[14(2)%]

0.095(4)

241(10)
[82(6)%]

200(13)

* - Since N is reported in units of excitons µm–1 pulse–1 and the typical lengths of the CdTe QWs are 1 to 10 µm, the number of
excitons generated within each QW per laser pulse are 1× to 7× N.
( ) - one standard deviation obtained from data collected from five measurements, see pg. A4-18.
[%] - Percent contribution
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Figure A4-12. TRPLD dependence of detected photon counts on excitation fluence

Figure A4-12. The average number of photon counts detected per laser pulse when recording the TRPLDs plotted as a function of
excitation fluence. The data for the PL < 0.1% and PL = 9.0(3)% CdTe QW samples are included as filled circles in (A) and (B),
respectively. The red dashed line in each plot represents a linear dependence. The inset in (A) is an expanded view at the lowest
fluences. The TRPLDs were recorded with excitation at 2.76 eV and the emission was collected at ~1.70 eV. As indicated in
Table A4-1, typical fluences utilized when recording the TRPLDs for determining the PL lifetimes were <15 nJ cm–2 pulse–1.
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